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Paper No. 5188. 
me “The Gorge Dam.’ t 
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INTRODUCTION. 


Tur Jubilee reservoir, which was formally opened by His Excellency Sir 
Andrew Caldecott, K.C.M.G., C.B.E., the Governor of the Colony of Hong 
E ‘ong, on January 30th, 1937, is formed by means of two dams, one known 
as the Gorge dam, being the main structure placed across a narrow gorge 
hrough which the Shing Mun river flowed, and the other known as the 
ineapple Pass dam, across 4 depression in the ridge which forms the 
‘boundary of the catchment area. The design and construction of the 
~ Gorge dam and ancillary works form the subject of this Paper. 


= , Historica. . 
Hong Kong, the capital of which is Victoria, is an island separated 


~ + Correspondence 


m the mainland of China by an arm of the sea (Fig. 1, Plate 1) about _ 


on this Paper can be accepted until the 15th June, 1939.—SE0. a 
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1 mile in width at its narrowest point. The Colony embraces three area 
two of them, the Island and Kowloon on the coast of China, are Briti 
possessions, and the third, an additional area on the mainland, was | 
from the Chinese Government in 1898 for 99 years, and is called the | 
“ leased territory.” 
With the exception of the comparatively level areas on which parts 
the towns of Victoria and Kowloon are situated, the country is mountainous, 
the highest peak on the Island being about 2,000 feet and on the mainland — 
3,000 feet. 
The streams flow to the sea through narrow steeply-inclined valleys, — 
so that the problem of providing adequate water storage is a difficult one 
as the capacity of the reservoirs is small compared with the height of th 
dams required to form them. 
The consequence has been that though eight reservoirs in the Islan 
having a gross capacity of 2,360 million gallons, and four in the mainland. 
having a gross capacity of 687 million gallons, were constructed from tim 
to time, there have only been 7 years since 1921, prior to the completio 
of the Gorge dam, when an unrestricted supply of water could be give 
throughout the year, and in some years the shortage was acute. 
In addition to the supply which was derived from storage, a weir an 
intake had been constructed on the Shing Mun river on the mainland, 
whereby water was taken from that stream and conveyed into the Kowloon 
reservoir by means of an open conduit and two tunnels. } 
Hong Kong is so situated that, although the rainfall is high—about 
100 inches per annum—rain only falls during the monsoon period, lasting 
about six months, the remainder of the year being almost rainless, with the — 
consequence that towards the end of the dry season, this source could 
not be depended upon to yield more than about 2 million gallons per 
diem, ; : 
Faced with the necessity of obtaining further sources of supply, Mr. 
R. M. Henderson, C.B.E., M. Inst. C.E., Director of Public Works, whe 
was then Chief of the Water department, made an exhaustive study of all 
possibilities, and finally came to the conclusion that the best solution 
would be to construct a reservoir or reservoirs impounding the waters of 
the Shing Mun river. P 
The catchment area to the site of the proposed dam is limited in extent, 
amounting to about 3,000 acres, but catchwaters, discharging by gravity 
into the reservoir, would secure the inclusion of the runoff from an additional 
_ area of greater extent. 4 
The reservoir would be at such an elevation as to enable the water to 
be discharged by gravity into the conduit which already conveyed the 
water from the intake to the Kowloon reservoir, and it was estimated that. 
the construction of the reservoir would ensure a supply from the Shing 
Mun river of 9} million gallons per diem derived from the catchment are 
draining directly into the reservoir, which would be increased to 14 million 
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_ gallons per diem when the first catchwater discharging into the reservoir at 
Pineapple Pass dam was constructed. 
___ The additional supply is required not only for the mainland but also 
for the Island, being conveyed thereto by means of two mains, one 12 inches 
and the other 18 inches in diameter, which have been laid on the bed of 
_the channel separating Kowloon from Victoria. 
_ Before giving effect to Mr. Henderson’s recommendations, it was 
decided that the services of the Authors’ firm should be requisitioned to 
consider and report on the various alternatives which had been suggested, 
and in accordance with this decision a visit was paid at the end of 1930, 
and the conclusion was arrived at that the total resources capable of 
economical development on the Island would be exhausted when certain 
_ works which were then in progress had been completed, and that further 
“sources would have to be sought on the mainland, where, after reviewing 
- various alternatives, it appeared that the best solution was to construct 
_ a reservoir on the Shing Mun river. 
_ In order to provide sufficient storage, having in view the additional 
catchment area which would ultimately contribute to the reservoir, it 
- would be necessary to construct a dam of very considerable height, and _ 
whether this was economically feasible would depend upon suitable 
- foundations being secured at a reasonable depth below the surface. 
| It was therefore recommended that exploratory work should be carried 
- out by the Public Works department, on the conclusion of which another 
_ visit would be paid with the object of determining whether or not the construc- 
_ tion of the dam was an economical proposition, and to locate its position. 


EXPLORATORY WORK. 


The rock, where exposed at the gorge through which the stream flowed 
and in the bed of the river just above, was a fine-grained, moderately basic, 
_biotite-hornblende granite. The sound rock, weighing 165 lb. per cubic 
- foot, crushed at a load of about 2,000 tons per square foot. j 
__ The river fell rapidly through the gorge, and the height of the dam 
_ would be considerably reduced if it were located just above, its length being 

not materially increased, so investigations commenced by excavating 
trenches which were to be carried down to rock level on each side of the 


river on a centre line which had been provisionally selected during the first 
visit. 

Rock was exposed in the bed of the river at this point, but the trenches 
“indicated that it was covered by decomposed granite material to a depth 
"which increased in proportion to the height above stream-bed level, and 
_ when the second visit was paid in October, 1931, rock had not been reached 
at the upper end of the trenches, and work had been suspended as it had 
been deemed impracticable to proceed without heavy timbering. 
 Boreholes had, however, been sunk in line with the trench above top 
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water-level, which indicated that sound rock would be reached at a depth 
which was not excessive. “- 

It was therefore decided that it would be economically possible to con- 
struct a high masonry dam at this site, and the next consideration was the 
maximum level to which water could be safely impounded, as it wai 
advisable to store as much water as possible at this site. 

It was originally intended to construct a dam which would raise the 
water-level to 600 feet above O.D., when the capacity of the reservoir: 
would have been approximately 2,000 million gallons, but by increasing 
the level to 625 O.D. the capacity would be increased to 3,000 million 
gallons, having about the same contents as the total provided by the 
twelve reservoirs previously constructed. | 

The ridge which separates the Shing Mun river from the stream flowing ' 
into Gin Drinkers bay is narrow, falling steeply on both sides, and the 
top of this ridge was traversed by a “col” called Pineapple Pass (Fig. 1, 
Plate 1), where a subsidiary dam about 90 feet high and 470 feet long was 


works if the top water-level were fixed at too high a level. 
A complete contour survey of the reservoir area had been made under 


along the ridge, it was decided during the second visit that 625 O.D. was 
the maximum economic top water-level, but the selection of the exact 
location of the dam and its design were held to be premature until further 
exploratory work had been undertaken. 
It had been decided to carry out the construction by administration, 
the Authors’ firm being appointed to design and supervise the work, 
and Mr. G. B. G. Hull, M. Inst. C.E., being appointed as Resident 
Engineer to have charge of the construction. 
Mr. Hull commenced his duties at the end of 1932, and during the year 
1933 numerous boreholes were sunk in order to determine the sub-surface 
contours of the top of the rock. 
During the course of drilling it was discovered that there was a zone 
of decomposition lying at a depth of about 50 feet below the surface at the 
bottom of the valley, the granite being converted into a permeable sandy 
layer, and it was therefore obvious that foundations would have to be 
carried to a great depth, if the dam were located above the gorge, in order 
to prevent the escape of water which might reach this layer through joints 
in the rock, .. 
It was therefore decided to abandon all thought of locating the dam 
above the waterfalls and to build it across the gorge at the point shown on 
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a top water-level of 625 O.D., but the dam would be considerably shot 
than if located above the gorge. 

While the preliminary investigations and exploratory work we: 
being actively pursued, the access road was made fit for heavy and con- - 
tinuous lorry traffic; anti-malarial work and the construction of stafl- - 
and office-quarters, coolie lines for 2,500 men, water supply, sanitation, , 
hospital and works buildings were carried out. 


DESIGN. 


Various alternative designs were prepared, the one finally selected, 
which is shown in plan on Fig. 7, Plate 1, and in section on Fig. 3, Plate 1, 
is novel so far as the Authors are aware, and was dictated by the following 
considerations : | 


(a2) The elimination of cracks which would allow water to penetrate 
into the dam due to either of the following causes : (1) changes — 
of volume of the concrete due to the rise in temperature brought — 
about by chemical action when the concrete was setting, 
followed by a gradual cooling ; (2) possible earth-tremors. 

(6) Economy in construction. 


GENERAL DESCRIPTION. 


The dam is approximately 275 feet in height above stream bed-level, 
and has a length of 690 feet at top water-level (625 O.D.), the roadway on 
_ the top being at 635 O.D., the length of the dam at that level being 700 feet. 

The gorge through which the river flowed was narrow, its width at the _ 

bottom’ being about 50 feet, increasing to 120 feet at level 453 O.D.; tha’ 

is at about 93 feet above stream bed-level (Fig. 4, Plate 1). 
On reference to the cross section of the.dam at the deepest part of 

the gorge (Fig. 3, Plate 1), it will be seen that it is a composite structure 

consisting of five different portions, numbered 1 to 5 in the figure, which 

will be referred to as follows : 


(1) The “ cut-off” wall to prevent leakage below or at the sides 
of the dam, which is continued above ground-level to form _ 
the lower portion of the water-face carried up to level 453 O.D. 
ns gaat up at the sides of the gorge, as shown on Fig. 3, 
ate 1. 
(2) The articulated face concrete, which will be referred to hereafter 
“\ the “ diaphragm,” forming the main portion of the water- 
ace, 
(3) The main portion of the concrete construction will be referred to 
as the “ thrust-block,” its function being to transmit water 
pressure to the rock-fill and to act as a retaining wall when the 
reservoir is drawn down. 
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(4) The “ rock-fill,”’ which takes a portion of the water-pressure. 
(5) The “ sand-wedge,” which is interposed between the thrust- 
block and the rock-fill. 


Tar Cur-orr WALL AND WatTeR-Facr oF THE LowER PorTION 
or THE Dam. 


_ This wall is numbered “1” and is indicated by cross hatching inclined 
downwards to the right on Fig. 3, Plate 1. 

- Provided that the concrete at the water-face is impermeable, which 
can be ensured by using a large proportion of cement and by careful pro- 
portioning of the aggregate, placing and working, there is no necessity 
to construct.the remainder of a concrete dam of so rich a mixture, with 
‘consequent saving in cost, especially where labour is cheap, as at Hong 
Kong, and therefore the cost of cement represents a considerable pro- 
portion of the total cost of concrete. 

It is well known that the larger the proportion of cement, the greater 
will be the amount of heat evolved in setting, the following being the 
results of actual experience at the Gorge dam :— 


' A concrete mix containing 600 Ib. of cement per cubic yard of concrete 
‘showed an average temperature-rise on setting amounting to 53° F. above 
‘air temperature, whereas if only 300 lb. were used—which is the proportion 
‘specified for the thrust-block to be described later—the temperature-rise 
‘amounted to only 24° F. ; 

_ Where, therefore, a rich concrete is placed in contact with a poor con- 
‘erete so that the mixtures cohere, considerable stresses will be set up in 
cooling and the rich concrete-mixture will tend to crack. 

It was therefore decided to introduce greased paper so as to form a 
vertical joint separating the face concrete from that of the thrust-block, to 
‘prevent the two concretes from cohering and to allow of differential 


“settlement. 


PR 


rae 


Excavation. 

The rock had been subjected to surface decomposition except at the 
ottom of the gorge, the overlying material, which consisted of sandy clay, 
taining considerable depths on the right bank of the river, sound rock 


ying sometimes as much as 40 feet below the surface, its position being 


v shown by a dotted line on Fig. 4, Plate 1. 

At the surface, the rock was generally found to be pervious and brown 
“in colour due to oxidation of iron, though capable of bearing a consider- 
able load. The quality and strength of the rock rapidly improved as the 
rrench was sunk, until a satisfactory foundation was reached in the grey 


anite. 


' Granite, an igneous rock, contracts as it cools, so that it is seldom free 


/ f 


_ therefore a careful watch was kept, but the only crack which could be | 
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from cracks, and is traversed by major joints where the infiltration o 
water has brought about decomposition, the product filling the joint bet a2 
generally either a mixture of flakes of mica or less decomposed rock ane 
clay or china clay ; but occasionally the joints are not completely filled 
or may be filled with material nearly as permeable as sand. Li 

As excavation proceeds, the rock improves, but it is not probable the 
a foundation free from all cracks or joints would ever be reached, it being 
known that decomposition has affected granite even at depths of ovi 
900 feet below the surface. 

An economic limit had therefore to be fixed and instructions were giv 
that excavation was to proceed until rock was reached which gave promise 
of a sound foundation, when boreholes were to be drilled to a depth o: 
20 feet, which were to be tested under a water-pressure of 100 lb. bt 
square inch, and should this test show a leakage of more than one-fifteer th 
of a gallon per minute per foot depth of hole during a test of 7 minutes 
duration, the trench was to be sunk to a deeper level and the test repeated: 
until this condition was fulfilled. 

The tests showed that the rock, generally speaking, was watertight, | 
but at one place at level 550 on the left bank, a bad joint was encounte 1 
and measurements of direction and angle of dip showed that this joint w: 8 § 
a continuation of one exposed in the tunnel excavation below. A pit w 
sunk at this point to a depth of 40 feet below the bottom of the trench an 
drill-holes to a further depth of 20 feet, which were afterwards grouted. . 
Pipes were brought up from rock level on the downstream side of the cut-off | 
wall to discharge any water which might pass below this wall into th | 
drainage gallery shown on Fig. 3, Plate 1. a =«—«| 

The depth to which the cut-off trench was carried is shown by a dotted | 


aT 


line on Fig. 4, Plate 1. 


Concrete, 


There are no contraction- or expansion-joints in the face-concrete, 
which was poured in blocks facilitating the more rapid dissipation of 
heat, the blocks being so arranged that there were no continuous joints 
through which water might find its way. 

No apprehension was felt with regard to the effect of changes of 
temperature once the reservoir was full, as the face-concrete would either 
be almost entirely below ground or water-level, the lowest level (485 O.D. 
to which the reservoir could be drawn down so as to discharge into the 
supply conduit by gravity being well above that of the top of the face- 
concrete in the gorge (453 O.D.). - 

It was considered possible that some cracks might appear during con- 
struction which could be dealt with before the reservoir was filled, and 


covered was a horizontal hair-crack on the ri ht side of the gorge, whi h 
afterwards closed up. 8 gorge, wil 
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_ It was decided to bring up the concrete in the gorge in 20-foot lifts, 
md as experience has shown that it is difficult to secure a watertight 
Function between concrete which has already set and green concrete poured 
bove it, it was arranged that, in addition to the usual “ joggled ” mortar 
oint, strips of copper 75 inch thick should be built into the top of each 
ift. These strips were 2 feet in width and extended across the gorge, the 
ower half being built in at the top of each lift, the upper half projecting 
pwards into the concrete above. 

_ The strips came in 25-foot lengths and the junction of the ends of the 
strips was made by means of an overlap of 7 inches, the ends of the strips 
being smeared with bitumen and bolted together by means of small brass 
bolts screwed up until the bitumen was extruded. 

_ The “ face-concrete ” has a batter of 3-4 vertical to 1 horizontal, being 
6-3 feet in thickness where it terminates at level 453 O.D. and 33-7 feet 
it the bottom of the gorge (360 O.D.). 

It will be noticed from Fig. 3, Plate 1, that the batter is interrupted 
by a series of steps at the top of each 20-foot lift, the face being brought 
up vertically so as to form a ledge 2 feet in width in order to facilitate the 
setting of the shuttering, and these steps proved a great convenience. 

_ The aggregate consisted of the following proportions, determined by 
experiments carried out to discover the mix which gave the greatest im- 
ee , 16} cubic feet of sand, half of which was coarse sea-sand, 
the remainder being fine sand and dust—the product of the crusher— 
and 23 cubic feet of rock crushed to pass through jaws set to 2 inches, to 
which was added 600 Ib. of cement to form 1 cubic yard of concrete in place. 
The amount of water was adjusted to suit climatic conditions so as to 
‘obtain a dry mix giving a slump of § inch, and the concrete was spread 
‘in 6-inch layers and vibrated by means of “ Broomwade”’ pneumatic 


-punners, the concrete at 28 days crushing at about 260 tons per square 
foot. : 
When the dam was completed it was found that the slip-joint separating 
the concrete of the water-face from the thrust-block had opened up, due 
| no doubt to the contraction of the concrete when cooling down to atmo- 
spheric temperature. 
The open joint so formed proved to offer the path of least resistance 
"for water percolating below the cut-off wall, this water discharging into 
the galleries in the thrust-block where it was collected and measured over 
@ V-notch just before passing into the rock-fill through the drainage 
pipe (Fig. 3, Plate 1). 
The amount of leakage water since impounding has varied between 
about 20 gallons and 430 gallons per hour, and there is no direct relation- 
ship with the level of the water in the reservoir, the leakage being dependent 
certain slight movements affecting the lower portion of the main struc- 
re, which will be referred to later, as these movements caused the width 
e joint between the facework and the thrust-block to vary slightly. 
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THe DIAPHRAGM. 


The diaphragm, which forms the main water-face, is shown by hatche¢ 
lines inclined downwards to the left on Fig. 3, Plate 1, where it is numbere ; 
“2.” This is an articulated structure divided into vertical panels 25 ee 
in width, as shown on Fig. 4, Plate 1. 

Each panel was brought up in “ lifts ” of 20 feet in one operation, | 
is reinforced with horizontal hooked rods wired to verticals, so arran gee 
as to form a “ grille” (Figs. 5 and 6) the rods being 1} inch in diameter 
the spacing varying with the maximum water-pressure from 9 inches to £ 
feet. 

The diaphragm is 6 feet thick at the level 453 O.D., reducing to 3 fee 
at the level 573 O.D. and continuing at that thickness to the top. | 


Fig. 6. 
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Section Turoven Burrresses anpD DIAPHRAGM. 

The general face-batter is 3-4 to 1 up to the latter level and 3°72 to 1 
above, the buttresses against which it rests having a batter of 3-72 to 
throughout, the minimum thickness being determined by the width neces- 
sary for men to place and vibrate the concrete when working between th 
shuttering. 

As the cement was slow-setting and as the concrete was to be poured 
to a height of 20 feet in one operation, it became necessary to carry out 
experiments before the forms were designed, to ascertain the lateral pres- 
sure which would be exerted by the green concrete ina semi-liquid condition. 

The panels were cast alternately, and the steel skin of the forms was 
supported by lattice girders of the queen-post type, the foot of the posts 
being inserted in a groove in the step (Figs. 6), which was filled with asphalt 
(bitumen plus 30 per cent. granite dust) when the form had been removed. 

The top of the queen-post extended beyond the form and was tied 
back to the thrust-block, temporary timber struts being inserted to give 
the correct width and removed as the concrete was brought up. 

The diaphragm rests against buttresses, protruding from the thrust- 
block (to be presently described), being separated therefrom by a layer of 
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+ Callendrite”’ bitumen sheeting, $ inch thick, specially manufactured 


ws 


fo stand the maximum pressure to which it would be subjected without 
ppreciable compression, thus forming a sliding joint. 
- The concrete was poured directly against this sheeting, and timber 
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Cross SrcTion of DIAPHRAGM. 


Pa The steps shown on Figs. 6, and already described, proved of great 
nefit in construction as the steel forms could be readily placed by means 
a cantilever crane carried by a 4-foot 8-inch track on top of the thrust- 
lock, which was brought up in advance, and room was given for the — 
orkmen to set the forms accurately, a “ cage” being provided to prevent 


idents. 


nel and also where the panels butt against the solid portion of the dam. 
ne bottom of each panel was also separated from the solid “ face-concrete”? 


“ Callendrite ” sheeting was placed in vertical strips between each 
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on which it rested by a strip of similar sheeting, the percolation of wat i 
through this joint being prevented by a 12 S.W.G. copper strip built im 
the solid face-concrete below and carried up into the diaphragm, the widt 
of the strip varying from 2 feet to 1 foot according to the water-pressure 
A similar copper strip was provided at the top of each 20-foot lif 
(Figs. 6), the “ Callendrite ” sheeting being omitted between the lifts. 
The object of inserting this sheeting at the base of each panel was té 
permit slight rotation about a horizontal axis without injury to tha 
diaphragm should some slight relative movement of the thrust-block ta 
lace. 
The vertical joints between the panels (which are shown in Fig. 
and in more detail on section XX, Figs. 6) are formed by similar coppe2 
strips “ kinked ”’ in the middle, varying in width from 27 inches to 19 inches 
according to the water-pressure, being built into the solid face-cone ate: 
below and extending upwards in 20-foot lifts, the joints being made by ar! 
overlap of 7 inches, the adjacent faces of the overlap being smeared witht 
bitumen and the strips bolted together with small brass bolts until ‘hel 
bitumen was extruded. i 
A similar vertical joint is made where the panels butt against the solide 
face-concrete. | 
A “ void,” which is traversed by the copper strip dividing it into ty fon 
halves, was also formed at all vertical joints and is filled with asphalt 
(bitumen plus 30 per cent. granite dust). 
Fig. 5 is a section along a plane at right angles to the face of the dia-- 
phragm, which shows the voids which have been formed each side of the’ 
copper strip at the end of the two panels which have been already cast. 
The concrete is about to be poured to form the intermediate panel and 
is to be brought up rapidly to a height of 20 feet, it being necessary to 
make provision for the remaining portion of the “ voids.” 
As it was thought that there would be great, if not insuperable difficulty 
in removing the “ cores ” from such confined spaces, it was decided to use : 
small moulded concrete-blocks so shaped as to form the voids, being int 
corporated with the concrete as it is brought up (see detail, section XX, 
Figs. 6). 
Two blocks were used, one on each side of the copper strip, the column 
of blocks being brought up to full height before the concrete was poured, 
the joint being made between the strip and the block with Portland cement 
mortar with the exception of that between the lowest pair of blocks. 
If good bond is to take place between successive lifts of asphalt it is 
essential that the surface of contact should be clean and dry, and therefore 
the space between the lowest pair of blocks was 24 inches wide, througl 
which dust, etc., could be expelled by compressed air, after which this space 
was also filled with mortar, the top of the column being covered with 
timber cap to prevent entry of dust, ete., until pouring of asphal 
commenced. = > aa 
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\ The columns having been built to their full height, the reinforcement 
#vas set and the concrete poured into the intermediate panel, after which 
eration the caps were removed, the surface of the asphalt at the base of 
#he column brought to a liquid state by electrical heaters and the void 
Milled with asphalt. 

} _ The concrete mix, which was vibrated as already described, contained 
#690 Ib. of cement added to 154 cubic feet of sand and 22} cubic feet of 
Kcrushed granite to form 1 cubic yard in place, the granite being broken so 
s to pass the jaws of the crusher set with a clearance of 1} inch. The 
erage crushing strength at 28 days amounting to 350 tons per square foot. 


re After the forms were stripped the concrete was kept moist for a 
minimum period of 3 weeks by means of water sprays. 

_ The diaphragm-concrete and the joints described above have proved 
to be remarkably watertight, there being no leakage when the reservoir 


was filled to top water-level. 


Tue THRustT-BLocK. 


_ The thrust-block is indicated by blobs and dots, and is numbered “3” 
ion Fig. 3, Plate 1. 

|. The function of this portion of the dam is to transmit part of the water- 
pressure to the rock-fill to-be presently described, and it was therefore not 
Borcidered necessary to carry down the foundations below the level of the 
face of the sound rock, the-depth to which they were carried being 


97 feet 6 inches at the siphons, to be presently described, which are located 
t the north end of the dam. 

_ The back slopes downwards at an inclination of 1 horizontal to 9 vertical, 
for the central portion, the face-batter being 3-72 to 1 down to a level 
which varied with ground-level, the maximum width at the base being 
‘118 feet. 

_ Fig. 5 shows the buttresses which are spaced at 12-foot 6-inch centres 
‘and protruding 4 feet 6 inches, the width being 5 feet at the diaphragm, 
increasing to 7 feet 6 inches at the “ root,” leaving an inspection pit between 
each buttress having a cross-sectional area equal to that of the buttress, 
access to the bottom of the pits being provided by means of branch galleries 
‘connecting with main galleries, which are reached by means of steps from 
both ends of the dam (see Figs. 3 and 4, Plate 1). 

The inspection pits are provided with hinged covers giving a clear 
ening of 39 inches by 33 inches, thus affording the possibility of inspec- 
tion of any portion of the joints between the buttresses and the diaphragm. 

A transverse gallery, which is shown on Fig. 3, Plate 1, conveys any — 


I 


pe 


Ph 


Tock-fill for the support of the thrust-block, as this material could be 
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leakage water to a sump, a pipe being provided to carry the water in 
the rock-fill, and a ventilating pipe 18 inches in diameter is carried to th 
top of the dam, this pipe being also used for taking observations of moy 
ments of the dam by means of a “ plumb-line.” : 

The top of the thrust-block oversails the diaphragm, as shown on Fig. & 
a space of 1 inch being left to allow free expansion and contraction of th 
latter. 

The parapet-wall is carried on this oversailing portion which is re 
forced for that purpose, and holes are provided for the purpose of feeding; 
bitumen into the vertical diaphragm-joints should it be found necessa: 
to do so. 

The concrete-mix contained 300 Ib. of cement added to 16-25 cubid 
feet of sand and 23 cubic feet of stone (24 inches) to form 1 cubic yard in 
situ, and “ plums ” were embedded, the concrete being vibrated as 
described, the average crushing strength at 28 days being 190 tons per 
square foot. 


THE Rocx-Fru. 


The rock-fill is numbered “4” on Fig. 3, Plate 1. 

During a visit to Japan the effects of the earthquake of 1923 on 
for impounding water for Tokio and Yokohama were studied and the: 
conclusion reached was that the effect of an earthquake on a solid mason y 
structure may be serious, and that an embankment formed of non-cohesive 
material was more suitable for impounding water where violent earth-- 
tremors may occur. 


Owing to the great height of the Gorge dam, it was decided to ado pt 


obtained in abundance from quarries immediately below the dam and 
could be economically handpacked owing to the cheapness of the Chinese 
labour. Another reason for its adoption was that should water find its 
way into an earth-embankment the cohesion of the material might be so 
reduced as to cause slips, especially when it is borne in mind that the 
bank would be of unprecedented height above the toe as the river-bed falls” 
steeply through and below the gorge. 

The rock-fill had a face-batter of 1 vertical in 1-5 horizontal, benchings 


The stones were handpacked in layers 2 feet in thickness with an in- 
clination of 1 in 12 towards the thrust-block, the interstices between the 
larger stones being filled with smaller ones, and the average weight per 
unit of volume was two-thirds of that of solid granite. 

It was not thought necessary to remove the material consisting of sand 
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and boulders which overlaid the solid rock in the stream-bed, so that t 
rock-fill rests on this material, on solid rock, and on the stripped ground at; 
the sides of the valley. 

It was desired to ascertain the amount of compression of the foundation-. 
material which would take place, and plates were therefore placed in 
rock-fill connected to vertical steel-rods which were lengthened as the fi 
was brought up, the levels of the plates being ascertained before loading 
took place. 

As the length of the rods was known, it was possible by taking levels 
of the top of the rods to ascertain to what extent the plates had sunk, 
showing the compression of the foundation-material and the rock-fill below - 
the plates. This compression proved to be more than had been expected, 
and has been dealt with by one of the Authors when discussing the Paper 
on the Subsidence of the Eildon Reservoir Dam}. It attained a maximum 
of about 4 feet at the centre of the gorge. 

The handpacked rock-fill did not, however, appear to compact vertical 
to any great extent, the evidence afforded by the plates pointing to les: 
than 6 inches. 

Levels were taken on the benchings which showed that settlement 
ceased in June, 1937. - 

The rock-fill is faced with squared granite blocks, 14 inches by 14 inches 
by 12 inches thick, and owing to the irregular settlement which was taking 
place it was decided to lay these blocks in zig-zag courses which gave a 
very pleasing appearance, as shown in Fig. 9. 

The rock-fill is separated from the thrust-block by the sand-wedge, 
to be presently described, and the upstream face which is vertical above | 
the bottom of the sand-wedge was built with mortar joints to prevent the 
sand entering the interstices, drainage tubes, consisting of pipes 4 inches 
in diameter filled with pea-gravel kept in place by screens at each end, _ 
passing through the wall at intervals of 10 feet with the object of affording 
drainage should rainwater find its way into the sand-wedge. 

It will be seen from Fig. 8 that the sand-wedge is brought up to level 
620 O.D. and is covered by the rock-fill above that level. 


Tue Sanp-WEpDGE. 


The triangular space between the rock-fill and the thrust-block is filled 
with sand, numbered “5” on Fig. 3, Plate 1, the purpose being to avoid 
point-contact and to ensure that the water-pressure is transmitted to the 
rock-fill should movement of the thrust-block later take place. 

It was specified that the sand should be a clean, coarse, dry sand so as 
to settle readily should any movement take place of the rock-fill. 


1 Discussion on “'The Subsidence of a Rockfill Dam and the Remedial Measures 
employed at Hildon Reservoir, Australia.” Journal Inst. C.E., vol. 8 (1937-38), 
p. 192. (March 1938.) 


PITCHING ON DOWNSTREAM FACE OF THE DAM. 


CELLULOID MODEL OVERFLOW-TUNNEL. 


COMPLETED BELLMOUTH OVERFLOW. 
Fig. 20. 


BELLMOUTH OVERFLOW IN USE, 
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Any leakage water from the reservoir is intercepted by the pits between 
} the buttresses and cannot enter the sand-wedge, and an impermeable 
: covering is provided to prevent access of the torrential rainfall which occurs 
| every monsoon (Lg. 8). 

} Steps had to be taken during construction to maintain the supply of 
) water drawn from the Shing Mun river, the invert-level of the channel, 
} which was on the right bank of the stream, being about 485 O.D. where it 

passed through the dam. 

} This was effected by leaving a passage through the thrust-block which 
was afterwards filled with concrete and grouted, a culvert being formed 
through the rock-fill, which was subsequently made solid with concrete 
# and “ plums.” 


~ 


MovEMENTS OF THE THRUST-BLOOK. 


The rotation of the thrust-block about a horizontal axis was measured 
by means of a water-level, which consisted of a pipe 80 feet in length laid 
below the transverse gallery shown on’Fig. 3, Plate 1, at level 453 O.D., 
‘that is, 93 feet above stream bed-level, the pipe being connected at each 
‘end to vertical tubes, the level of the water in the tubes being ascertained 
by micrometer point-gauges, it being found possible to measure the 
 deflexion of the dam below that level to about zg inch. A plumb-line, 
which is housed in the 18-inch diameter vertical pipe, extending from 
road level to the transverse gallery (see Fig. 3, Plate 1) was also used 
when the thrust-block had been completed, to ascertain the deflexion of 
the upper portion of the dam, 182 feet in height. 

Owing to the shortage of water in the Colony it was decided to impound 
_ water before the thrust-block had been completed, and the inlet to the 
tunnel was therefore closed at the end of the dry season in 1935, the reservoir 
"filling to about level 500, a depth of about 140 feet. 

When the reservoir was first filled it was anticipated that the effect of 
_ the water-pressure would be to cause the dam to deflect downstream, but 


~ 
‘ 


¥ 


the reverse proved to be the case as far as the lower portion of the dam was 
concerned. When, however, pendulum measurements commenced, it 
¥ became evident that the upper portion of the dam, that is, above level 
_ 453 O.D., deflected downstream with increasing water-level. 
9 It has not been possible to trace any exact relationship between the 
- deflexion of the lower portion of the dam and the level of the water in the 
_ reservoir, although there is a general tendency for the deflexion upstream 
' to decrease with decreased water-pressure. 
rg Fig. 10 (p. 196) shows the deflexion from the vertical of the lower and 
upper portions of the dam in relation to the water-level in the reservoir. 
The amount of deflexion of the lower portion is arrived at by assuming 
that no movement has taken place below rock-level, and the deflexion 


/ t] 


_ being also utilized for the conveyance of the supply and scour-pipes, and _ 


Te 
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given for the upper portion is in relation to the vertical at level 453 befo 
water was impounded. 

It will be seen that there is a relationship between the water-level l 
deflexion as far as the upper portion of the dam is concerned, the maximum 
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movement of the top in a downstream direction being 0-57 inch when th 
reservoir is full, the maximum deflexion of the lower portion upstream — 
amounting to 0-18 inch, 


DIVERSION-TUNNEL. 


It was necessary to divert the river through a tunnel in order to permit 
of the construction of the dam during the monsoon period, this tunnel 


for the disposal of flood-water. 

The tunnelis 15 feet ininternal diameter, lined with concrete containing 
600 lb. of cement per cubic yard, having a minimum thickness of 12 inches, 
the diameter being determined by the estimated maximum rate of discharge 
of flood-water. At every 5 feet along the tunnel five pipes were provided 
passing through the tunnel lining spaced 5 feet apart, for the purpose of 
injecting grout between the concrete in the crown and the rock. 4 
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} The diversion-tunnel is shown by full lines on Figs. 11, Plate 1, the 
} bellmouth-overflow and inclined tunnel (to be presently described), which 
9 joins it, being indicated by dotted lines. 

}_ A 48-inch scour-pipe is laid below the floor of the tunnel, being con- 
} trolled by two valves, one in the tunnel and the other at the outlet, and is 
turned upwards at its inlet end, terminating by a bellmouth at level 
4 410 O.D. 

A The scour-pipe is reduced to 30 inches in diameter at the outlet end and 
} terminates in a jet-disperser, the scour- and supply-pipes being cross con- 
nected and provided with valves so as to permit water for supply being 
drawn through the scour-pipe. 

_ A special valve was also fixed close to the tunnel inlet, by means of 
- which the stream could be passed through the scour-pipe in dry weather 
during the placing of the stopping at the inlet to the tunnel (Figs. 12, 
- Plate 2). 

_ The supply-pipe, 48 inches in diameter, was placed below the tunnel 
- invert for that length of the tunnel which would be used for the disposal 
_ of flood-water, being brought above invert-level between the stopping 
| forming the bend at the junction of the inclined tunnel and the diversion- — 
tunnel and the stand-pipe in the valve-tower after the inlet to the tunnel 
_ had been closed. 

; The valve-tower, which is 18 feet in internal diameter, is placed 
~ vertically over the diversion-tunnel as shown on Figs. 11, Plate 1, and the 
entrance to the tunnel was lined with cast-iron rings as far as the valve- 
"4 shaft, the space between the metal and the rock being filled with concrete 
~ containing 600 lb. of cement per cubic yard. © 

The rock between the valve-shaft and the inlet was so jointed that this 
- portion of the tunnel would be under a water-pressure amounting to 230 
- feet at the crown of the tunnel, and therefore the following precautions 
were taken to prevent leakage into the tunnel. 

In order to ensure that the concrete completely filled the space above 
- the cast-iron lining, a hole was left in the wall of the valve-tower which 
_ gave access to a recess in the rock formed by an extension upwards of the 
- tunnel-excavation by about 5 feet, which was filled with concrete after 
grout had been injected at a pressure of 100 lb. per square inch, so as to 
fill any space left between the concrete placed inside the cast-iron lining 
to form the bulkhead and that lining. 

a Between the bulkhead and the valve-shaft, circumferential grooves 
were provided in the cast-iron lining for the insertion of a rubber ring 
_ (Figs. 13, Plate 2), and V-grooves were formed for the insertion of lead- 
_ wool caulking in both the longitudinal and circumferential joints between 
the segments. Conical lead grummets were also inserted in a space left 
for their reception below the bolt-washers, which were compressed as the 
oints were tightened up so as to prevent leakage. _ 
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BULKHEAD. 


The mouth of the tunnel is closed by means of a cast-iron bulkhead con. 
sisting of flanged plates, nine in number, which could be rapidly assembled: 
(Figs. 13, Plate 2). The joints between these plates were caulked in the 
ordinary manner and the tunnel filled with concrete containing 600 Ib 
of cement per cubic yard for a distance of 35 feet behind the cast-iron: 

bulkhead. 


VALVE-TOWER. 


The valve-tower is 18 feet in internal diameter (Figs. 14, Plate 
faced internally and externally with moulded concrete-blocks, the extern | 
blocks being so shaped as to form an octagonal tower to above rock-level, 
- the excavation being taken out so as to provide a total thickness of 5 feet 
for the lining below that level. 

The inner concrete-blocks are of uniform thickness (12 inches) so as to 
provide a smooth face from top to bottom for the application of an asphalt 
joint ¢ inch in thickness, to cut off any water which might percolate 
through the concrete under external water-pressure. 

The walls increase in thickness at different levels, the minimum being — 
5 feet 6 inches down to level 572-50 O.D., 7 feet between 5725 O.D. and 
532-5 O.D., and 8 feet until the shaft enters the rock. 

It was originally specified that the asphalt should be applied in two — 
layers to the back of the inner blocks, being brought up in advance of the — 
concrete, but owing to the difficulty of obtaining a surface sufficiently dry 
for its adhesion it was finally decided to mould the asphalt in strips, 
joints being carefully made so as to form one continuous cylinder brought _ 
up in advance of the concrete, any space between this ring and the blocks _ 
being grouted. . 

The tower contains a 48-inch internal diameter standpipe, supported 
on a cast-iron duckfoot-bend which is a vertical continuation of the 48-inch 
supply-pipe, surmounted by a conical cap and an air release-pipe. Intake ~ 
pipes 30 inches in diameter, controlled by duplicate valves, discharge 
into the standpipe at levels 479-75, 537-50, 576, and 614'5 O.D. (Figs. 14, — 
Plate 2), the lowest level being governed by the conduit into which the 
supply-pipe discharges. 

The valve-tower is surmounted by a house in which are placed two 
_ water-level recorders and from which a stairway descends giving access _ 
to the headstocks controlling the valves on the intakes, ' 

Two float-pipes are provided for recording the water level, the float in 
one of them operating a pointer indicating the level of the water in the 
_ Teservoir on a circular scale. The other float moves a pen, indicating on 

a clock-driven drum-diagram the level of the water above top water-level 


on an open scale (3 inches to 1 foot), so as to enable the depth of overflow 
to be accurately measured, ; 


E 
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} Six pens are also provided for indicating on the diagram the period 
} during which any one of the siphons, to be presently described, is in opera- 
} tion, the pens being electrically operated in the following manner, A 
} copper ball 8 inches in diameter attached to one end of a lever is placed 
-in the mouth of each siphon, which ball moves under the pressure exerted 
by the water when the siphon comes into operation, closing a circuit which 
eauses the pen to make a rising trace on the paper. When the siphon 
ceases to flow the ball regains its original position, the circuit being 
§ thereby opened, allowing the pen to fall to its former position. 

_ Access to the platforms on which the headstocks controlling the lower 
‘intakes are placed is obtained by a spiral staircase formed of reinforced 
‘concrete. 


VaLvE-TowrER BRIDGE. 


Access to the valve-house is obtained by means of a lattice-girder steel 
bridge (Figs. 15, Plate 2) 73 feet 3 inches in length, supported at one end 
by means of a reinforced-concrete bracket extending outwards from the 
“4 thrust-block, and at the other end on a bracket incorporated in the wall 
of the tower, the bridge-girders being anchored at the dam and free to 
fe move on roller-bearings at the other end. 

The steelwork was galvanized, before being sent out by the manu- 
- facturers in six lengths, to be bolted together after arrival. These lengths 
| were packed in crates to prevent damage in transit, and arrived in perfect 
condition ; the bridge, which weighed 16 tons, was erected in 3 days, after 
which it received a final coat of grey paint. 


FLoop-DisrposaAL WORKS. 


‘A The Jubilee reservoir, which has a catchment area of 3,000 acres, is 
situated in a region where very heavy rainfalls have occurred, as much as 
8 inches having fallen in 2 hours, and an unusual flood, which reached an 
estimated maximum run-off at the rate of 5 inches per hour from the catch- 
ment area, had been recorded. 

3 The normal flood-hydrograph allowed for 5 inches per hour peak rate 
_ of run-off and a total of 18 inches in 12 hours from the direct catchment 
~ of 3,000 acres and 0-4 inches per hour to which the capacity of the catch- 
waters is limited: the peak inflow of 17,400 cusecs would be reduced to 
~ 11,330 cusecs by the equalizing effect of the reservoir, which has a top water- 
area of about 5 per cent. of that of the direct catchment. 

; ‘The design of the dam did not permit “ overflow” and the steep moun- 
tain sides and height of the dam rendered the construction of a separate — 
- flood-discharge weir and channel prohibitive in cost. - 
It was therefore decided to adopt a circular bellmouth weir, discharging 

into the river diversion-tunnel, but owing to the configuration of the 
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ground it was not possible to place this weir directly over the t nel t 


and the arrangement shown on Figs, 7 and 11, Plate 1, was Con 
adopted, the discharge flowing over the weir and passing down an inclinedé 
tunnel 15 feet in diameter which joined the diversion-tunnel about 260 fee 
from its outlet. 
The bellmouth-overflow was, of necessity, located on a steep slopes 
(Fig. 16, Plate 2) which involved a large amount of excavation to form a 
channel of approach to all parts of the periphery of such dimension that; 
the tangential velocity should not exceed 4 feet per second, with th 
consequence that the diameter of the bellmouth and length of weir w 
limited by economic considerations to 74 feet and 228 feet respectively. 
The conditions being somewhat unusual, it was decided to undertak 
a series of model-tests, which are described in detail elsewhere 1, and will | 
therefore be only briefly referred to. 
These tests were carried out with models having the following scale 
ratios: 1 to 19, 1 to 24, 1 to 29-4, and 1 to 43-5, with the object of © 
determining :— 


(a) The best shape of the bellmouth. 

(b) The relation between discharge and depth of overflow. 

(c) The vacua set up under high velocities of discharge round th 
bend where the shaft joins the inclined tunnel and in th 
tunnel. 


Previous tests carried out at the Burnhope reservoir, which are a 
described elsewhere 2, had dealt with the best method of preventing th 
formation of a major vortex which would produce unstable conditions 
reducing the discharging capacity of the weir, and the amount of air whic 
would be drawn down with the water at various rates of discharge. 

The result of these experiments showed that the best way of preventi 
the formation of a major vortex was to divide the circular weir into two 
parts by means of a curtain-wall extending above the highest level which the 
water would reach, the bottom of this wall being 3 feet below the lip of the > 
weir. This wall is continued across the approach-channel so as to form — 
two semicircular weirs with separate approach-channels (Fig. 7, Plate 1 
and Fig. 16, Plate 2). Large quantities of air are drawn down with the 
water at low rates of discharge, but the amount of air gradually decreases 
until the tunnel becomes gorged, when the volume amounts to about 25 
per cent. of the discharge over the lip of the bellmouth. 

The Burnhope model-tunnel was made of transparent celluloid so that 
observation of the interior was possible, and it will be seen from Fig. 17 
(facing p. 194) that the air rises immediately to the roof of the tunnel, 


2 G. M. Binnie, “ Model-Experiments on Bellmouth and Siphon-Bellmouth Over- 
flow Spillways.” Journal Inst. C.E., vol. 10 (1938-39), p. 65. (November 1938.) 


* W. J. E. Binnie, “ Bellmouth Weirs and Tunnel Outlets for the disposal of Flood — 
Water.” Trans. Inst, W.E., vol. xlii (1937), p. 108. 
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jand when the actual discharge of the model was compared with the 
itheoretical discharge, the air appeared to have no effect on the discharging 
Jeapacity if the tunnel was assumed to be running full. 

} The Burnhope experiments had shown that considerable vacua were 
Jset up at the roof of the bend where the shaft joined the tunnel, and it was 
Wherefore decided to introduce a longitudinal duct in the roof of the Gorge 
§dam-tunnel with an air-pipe 24 inches in diameter to draw air from the 
surface to prevent the formation of any considerable vacua (Fig. 18, 
}Plate 2). 

_ The model tests carried out in connexion with the Jubilee reservoir 
showed :— 


(a) That the original design of the bellmouth, which was similar to 
those previously constructed, required modification owing to 
oscillations of water-level which were set up when the discharge 
exceeded 5,000 cusecs due to the formation and destruction 
of a partial vacuum whether the air vents were opened or 
closed. After various modifications were made, the shape 
of the bellmouth and shaft, illustrated in Fig. 18, Plate 2, was 
evolved, which gave a steady flow up to 10,500 cusecs. 

(b) The value of C in the formula Q = LCH 2, where H denotes the 
depth of overflow and L the effective length of the weir (228 
feet), was approximately 3-14 up to H =7 feet, giving a 
value for Q of 13,000 cusecs, beyond which the coefficient 

i decreased, the maximum discharge being 15,000 cusecs when 
iH feet. 

(c) The tests carried out with the models to various scales showed 
that no vacua were set up until a discharge of about 8,500 cusecs 
was reached with the modified design, whether the air vents 
were opened or closed. 

(d) That the vacua reached a certain value, after which there was a 
decline. . 


= 


Siphons. 

As a result of these experiments it was decided to incorporate SIX 
automatic siphons in the dam, each capable of discharging 500 cusecs, 
three of which were designed to commence to prime at 625-05 0.D. and 
three when the depth of overflow had reached 626 feet, the top water-level 
peing 625 O.D. 

Assuming a maximum outflow of 11,330 cusecs, the depth of overflow 


ie 


would be 5 feet leaving a freeboard of 5 feet, and the discharge over the 
Imouth 8,330 cusecs, which is well within the limit of “ steady ” flow 
licated by the models, the velocity in the tunnel being 47-1 feet per — 
ond. An outflow of 11,330 cusecs is equivalent to 3-7 inches per hour 

nning off the catchment area, and the maximum discharging capacity 
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16,000 cusecs, allowing for 3 feet of freeboard, which is equivalent t 
approximately 5-25 inches per hour. 

Owing to the long intervals of time which may elapse before the occ 
rence of a major flood, or the lack of means of measurement, the Autho 
have been unable to find any published records showing how the dischargg 
inferred from models of bellmouth weirs agreed with the actual quantitt 
of water passing into the river below during a flood of maximum intensity 

The model-experiments carried out for the Jubilee reservoir indicatee 
some slight improvement in the coefficient as the scale-ratio increased, bi 
as the largest model was only a little over twice the size of the smalles 
the data collected were not conclusive. 

The Burnhope reservoir (Durham County Water Board) is providec 
with an overflow-weir over which the water passes before entering the b 1 
mouth and another weir below the tunnel-outlet, the depth of overfloy 
being continuously recorded for the bellmouth and both weirs. 

The maximum “ outfiow”’ in this case was calculated to amount t 
- 2,630 cusecs, and a flood occurred in October 1936 which amounted t 
1,300 cusecs, computed from the model experiments, as compared with a 
discharge of 1,390 cusecs the mean of the computation of the discharge 
over the other two weirs. 

It is therefore probable that model-tests on bellmouth-spillways under 
estimate the discharge at corresponding depths of overflow which will be 
obtained with the prototype. 


DescriPTion OF BELLMOUTH-OVERFLOW. 


The bellmouth is constructed of concrete containing 600 lb. of cemer 
per cubic yard, the thickness of the wall being determined by the shape 
of the structure and the weight necessary to prevent flotation. It is faced. 
internally with small granite blocks, as shown in Fig. 19 (facing p. 195) 
which extend round the bend as far as the straight portion of the 
inclined tunnel. A benching was excavated to form the approach 
channel to the landward portion of the weir, the lip of which is 5 
above floor-level. 

The ground fell so steeply on the reservoir side that the bellmouth 
assumed a stepped “ mushroom” shape (Fig. 18, Plate 2), the concrete 
being brought up in steps 3 feet in height cast in situ, false joints being 
introduced to imitate masonry blocks, and steel rings 12 inches deep an 
#-inch in thickness were inserted at the top ofeach step and incorporate¢ 
in the one above so as to reinforce the structure and to prevent creep of 
water between successive steps, ea 

The crest of the weir is formed of granite blocks and the curtain-wa 
which 1s supported by the weir-crest, is of reinforced concrete, 2 feet i 
thickness, faced with small granite blocks. 
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The top of this wall is 10 feet above overflow level and is splayed out 
#0 form a footway, provided with handrails, so that inspection of the interior 


f the bellmouth is possible and repairs facilitated. 
~ The wall is fixed at the landward end but rests on a steel plate covered 
ith bituminous sheeting at the other end, so as to be free to move in a 
ove, 3 feet in depth, formed in the crest of the weir, in order to prevent 
esses being set up in the bellmouth by variations in the length of the 
Jl due to changes of temperature, the vertical joints separating the wall 
rom the granite crest-blocks being sealed with bituminous sheeting and 
bitumen to prevent leakage. 

ies Overflow to a depth of about 1 foot 10 inches took place in September, © 
1937, and afforded a magnificent spectacle when viewed from the footway 


Fig. 20, facing p. 195). 


DESCRIPTION OF SIPHONS. 


_ The siphons, which are six in number, calculated to discharge 3,000 
eusecs, are incorporated in the solid portion of the thrust-block at the 


Fig. 21. 
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rt hern end of the dam, a section through one of the siphons being shown 


| or Figs. oe and 22. eae : _ a 
_ The crest, which has a radius of 6 feet, is 6 feet long, the throat having — 
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a depth of 4 feet, so that the throat area amounts to 24 square feet, ti 
discharge “leg” of the siphon being 23 feet measured from crest to = iy 
level at the outlet, the effective suction head being approximately 21 Be 

The “hood” is incorporated in the dam, the mouth having an are 
of 48 square feet, the top being submerged 8 feet below overflow- 7 
and forms the bottom of a “ stilling” basin to which water is admitte 
from the reservoir through a slot 4 feet below water-level, formed by a steg 
plate bolted to the sidewalls separating the siphons. 

The cast-iron air pipe, 18 inches in diameter, is provided with a hor: 
zontal bellmouth so placed as to become immersed when the water he 
risen to a predetermined level in the “ stilling’ basin, when priming 
commences. 


Fig. 22. 
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The air-pipe communicates with the crown of the siphon and is bui It 
into a cross wall, so as to secure the pipe against vibration. 

Gulping, due to wave action, is minimized by means of a reinforced- 
concrete curtain-wall across the entrance to a basin excavated in front of 
the siphons to a depth of 2 feet below the level of the mouth, in order to 
admit water from the reservoir. 

This wall extends 4 feet 6 inches below overflow-level, the top being 
carried up 6 feet above that level, the bottom being supported on pillar 
resting on the benching. 

The “leg” of the siphon is S-shaped to facilitate priming, and is 
bent round so as to discharge horizontally into a chamber with a sem 
circular roof of sufficient width to accommodate three siphons, a vent 
shaft 3 feet in diameter being provided immediately above the point of 
discharge. ; 

This chamber has a width of 22 feet at the point of discharge whic 
gradually decreases to 9 feet 10 inches where the two chambers convergi 
to enter another semicircular chamber 21 feet 94 inches in width an¢ 
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47 feet in height, which converges to form a circular outlet 11 feet in dia- 
neter, and another vent-shaft is provided at the entry. 

) ©The discharge-tunnel bends round on a vertical curve having a radius 
bf 23 feet, the water entering a shaft 80 feet in depth which bends round 
it the bottom to discharge the water horizontally on to a benching at level 
#60 O.D. which was formed during the removal of rock from the quarry 
Which furnished stone for the dam. 

_ A wall is provided near the edge of the benching which forms a channel 
tonveying the water discharged from the siphons to a point below the dam, 
yhere it falls over a cliff into the valley below, the drop being about 100 feet. 
This somewhat complicated design to provide for the discharge from the 
iphons was rendered necessary in order to convey the water below the 
ock-fill. f 

Experiments were carried out with models of siphons of various shapes 
‘o determine the depth at which the siphon would prime, and the effect of 
oviding the outlet with a water-seal or allowing the water to discharge 
norizontally, as the only permissible design of the outlet-chamber was such 
us to render it impracticable to provide a water-seal. 

The result of the experiments showed that the siphons primed at 
practically the same depth on the crest whether a water-seal was provided 
at the outlet or not. 

- A “frame” and travelling carriage to hold a current-meter has been 
provided, arranged so that the velocity of the water entering the mouth 
of a siphon can be measured at any point in order to check the calculated 
discharge, but so far no records have been obtained. 


CoNCLUSION AND ACKNOWLEDGEMENTS. 


- The whole of the constructional work was substantially completed 
towards the end of 1936 ; it was not until after the middle of 1933 that the 
final location and general features of the design of the Gorge dam were 
decided upon, and that the work was completed in 2} years’ active con- 
struction is a tribute to the executive skill and organizing capacity of 


_ The major items involved in the Gorge dam were :— 


___ Excavation and concrete in cut-off trench . . . . 20,000 cubic yards. 
- Concreteindiaphragm . ..-.-..- -- + + 9,000 - 
a Concrete in thrust-blockk . . - . . - «+ ~ ~ 180,000 i 
r a . 480,000 - 
_ at 2 Ea a ee ee ee 27,000 i 


ie The cement used was manufactured by the Green Island Cement Co., 
Kowloon, and was transported by means of special containers holding 
5 tons in barges to the point nearest the commencement of the access road, 


= nd a ae 
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All the plant used was of British manufactad and 1 his, with 
valves, etc., was purchased and shipped by the Crown Agent sf 
Colonies. > 
Finally, the Authors would desire to record their apie on 
~~. 2 wee co-operation so willingly afforded by the Public Works Depa 


os cgend in particular, of the personal interest taken in the scheme b y 
Director. al 


_ The Paper is accompanied by twelve sheets of drawings and Sea = 
staph, from which Plates 1 and 2,the Figures in the text,and the he 
page-plate have been prepared. a 
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Discussion. 


_ Mr. d. J. F. Gourley, in presenting the Paper, showed a number of 
Jantern-slides illustrating the works described. 
Sir Clement Hindley, Vice-President, in proposing a vote of thanks 
) the Authors for their Paper, said the present occasion appeared to be 
hique, as it was, he believed, the first time in the history of The Institution 
at a Paper had been presented by the President during his term of office. 
he Paper related to a work of very great magnitude and of outstanding 
portance in the locality where it had been erected. The work possessed 
ome very unusual and interesting features, particularly the measures 
ghich had been taken to prevent progressive percolation. It was recog- 
ized that progressive percolation through the concrete could be a most 
erious danger, and the work done in the present instance, particularly in 
elation to the cut-off curtain and the diaphragm, showed great ingenuity 
1d a full appreciation of the dangers which had to be met. Although 
bout 6 years elapsed from the time of the beginning of the survey to the 
me of completion, it was of interest to find that the work itself was carried 
ut in a period of 24 years, a most remarkable feat under the conditions in 
vhich it had to be done. It would be of interest to the members, as it 
lways was in such cases, to know the total cost of the work. 
' The President, in inviting Sir William Peel to take part in the Dis- 
ussion, said that Sir William was Governor of Hong Kong at the time that 
ihe works were in progress. 
Gir William Peel said the history of the inception of the scheme was 
ter known to Mr. H. T. Creasy, who was Director of Public Works when 
Sir William went to Hong Kong in 1930, than to himself. The scheme 
ad been under discussion for some time, but some difficulty had been 
perienced in obtaining the necessary authorization to proceed with 
e work. When he came home on leave in 1932, however, he got the 
lonial Office to cable to Hong Kong to say that the preliminary work 
ht start, and to inform the Engineers at home that they could make 
preparations and get on with the work; later in the year, he 
avelled out with Mr. G. B. G. Hull, the resident engineer, who put the 
ork in hand at once. . 
He would like to congratulate the Authors and all those concerned on 
e work that they did in connexion with malaria, which threatened them 
sm the very beginning of their work. At Shing Mun merely to oil all the 
Js in the depressions formed by the earthworks would not have met the 
lifficulty at all adequately. It was a very bad malaria area, and miles _ 
‘anti-malaria drains had to be constructed in a big circle around the 
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Shing Mun dam. There could be no doubt that that saved the situati ; 
because at the beginning the mortality was heavy amongst the Chines 
labour; although malaria was never eradicated entirely, the anti-malarz 
drains, which were well constructed, reduced the sickness and mortaliti 
to a minimum. 

Mr. W. T. Halcrow remarked that the dam consisted of a watertig 
skin on the upstream face of an embankment which provided the necessar 
weight to resist the thrust of the water. It thus differed materially fron 
the usual form of embankment dam, where watertightness was obtained bi 
a central core of clay or concrete. The principle governing the design wa 
one to which some attention had been given in recent years, and Mil 
Halcrow believed that in America some small dams had been built com 
sisting of a stone bank with a sheet of steel, or an equivalent seal, on thi 
upstream face. Where the estimated life of a dam was short, as in the cas 
of certain mining works, that design was no doubt economical, but such : 
simple design could not be adopted for the Gorge dam, where an indefinité 
life was required. It had occurred to him, on looking at the cross section 
of the Gorge dam, that the thrust-block, which was a very heavy mass of 
concrete, might have been to some extent, if not entirely, dispensed witli 
had the upstream slope been made flatter. With a stone bank, the chiea 
difficulty was to find a suitable design or material for a flexible watertig 
face to allow for movement of the supporting bank under the weight of the 
water. It was possible that the articulated slabs of the Gorge dam, whieh 
the Authors had designed with great care, might be adapted in sucht 
a case. 
Some years ago in Norway a concrete dam, which was leaking badly a 
was rapidly becoming unsafe, had been repaired by building a diaphragm 
wall some 3 or 4 feet in front of the dam and supporting it by struts from: 
the face. The diaphragm had been made watertight, and the dam provided! 
the supporting weight without alteration. Any seepage through the: 
diaphragm wall was drained from the bottom of the space between the 
diaphragm and the dam. That design could be adopted in the case of & 
dam to be constructed. Only recently he had had to examine a simi 
repair scheme for another dam in Norway, which was built of masonry and 
leaked badly. A watertight facing was to be provided, with drainage 
leaving the existing dam untouched. In those cases the diaphragm did nc 
require to be articulated, as the supporting wall would not settle. Th 
principle upon which the design was based was, however, the same in each 
instance, 

Whilst he agreed generally with the remarks about the incorporatior 
of a rich and poor concrete deposited at the same time, which was 
customary in the construction of concrete dams, he had never come acros: 
any cases where visual cracks had been located between the two classes 0: 
concrete, but in his own work he had endeavoured as far as possible ta 
reduce to a minimum the thickness of the rich concrete. It was difficult 
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ato secure a watertight junction between concrete which had already set and 
igteen concrete deposited above it, and he liked the method adopted in the 
‘present instance. The introduction of copper strips between the lifts was 
#4 positive way of ensuring that there should be no seepage, and he was 
surprised that it had not been more generally adopted. He had some 
fdoubts regarding the placing of concrete in 20-foot lifts. Very strong 
Sshuttering was required, and unless girders of great depth and stiffness were 
fused there was bound to be some deflexion as the weight was imposed. 
There was no certainty that the concrete in the bottom part of the lift had 
jot set to some extent before all the concrete had been deposited, and that 
might affect the strength or impermeability. With regard to the “ Callen- 
drite ’ sheeting which had been used extensively, he would like to ask the 
Authors if they considered that it would have an indefinite life, and, if not, 
whether in the course of a few years it would have fulfilled its purpose and 
would not be required to function. 
The reason given for the adoption of rock-fill instead of earth-fill to 
support the thrust-block was that the water might find its way into the 
earth embankment and cause slips. In view of the provision of the 
ainage-space between the diaphragm-wall and the thrust-block, there 
would not appear to be much risk of percolating water affecting the sup- 
ported embankment. However, Chinese labour was cheap and there was 
no doubt that if the extra cost of stone over earth-fill was small, the stone 
was much to be preferred. 
The sand-wedge was interesting, and its function was explained. He 
would be a little doubtful about depending upon it for the stability of the 
ipper part ofthe thrust-block. Whilst precautions had been taken to ensure 
fhat the sand would not find its way into the rock-fill by having the face of 
it set in cement mortar, it was mentioned in the Paper that one of the 
onsiderations borne in mind in the design was the possibility of earth- 
‘emors, and it appeared to him that in the event of earth-tremors occur- 
ng of sufficient strength to cause substantial fissures in the face there 
ight be-risk of sand escaping and taking away the support of the thrust- 
all. In his view, the stone backing could be carefully placed behind the 
ust-block or consolidated by a heavy roller so as to ensure a solid bearing 
the block on the stone. 
_ The description of the movements of the thrust-block was extremely 
nteresting, as it was not usual to find a dam tilting upstream when the 
er-pressure was applied. The following might be a possible explana- 
The rock on which the dam was built contained cracks and joints, 
e of which were filled with clay or china clay. When the reservoir was 
the floor of the reservoir immediately upstream of the dam was com- 
sed slightly, and so caused an upward tilting of the thrust-block. 
ements of structures such as jetties were known to occur when the 
rose and fell, a jetty sinking as the weight of water on the foundation — 
creased and rising when the tide ebbed. 

° 


y 


aye 
. ae 


“4 


210 DISCUSSION ON THE GORGE DAM. 


& 
' 


7: 


—- 


s- 


Mr. H. T. Creasy remarked that the island of Hong Kong was studdec 
with reservoirs, those reservoirs being connected with catchwaters hat 
prevented the greater part of the water running from the hills down inte 
the sea, which took place very quickly, the island being a mass of high- 
peaked hills. 

The crisis in regard to water-supply came about in 1929, when the 
reservoirs were depleted and there was no means of getting water acroi 
from the mainland except in water-boats which were requisitioned. 
position was such at that time that ships coming to Hong Kong were as xed 
to fill up their tanks, so as to bring Hong Kong water. The total capacii 
of the reservoirs on the island was between 10,000,000 and 11,000,00 
gallons per day, which was really the requirement of the island, so 
anything else had to be brought across from the mainland by means of 
pipe-line that had been laid to connect with the Kowloon reservoirs, wh i 
were then giving 5,000,000 gallons per day. The pipe which was first put 
across was able to supply to the island 3,000,000 gallons per day.: 
Fortunately, after the arrival of Sir William Peel as Governor the Shing 
Mun scheme was sanctioned. The pipe referred to had since been 
duplicated by a 24-inch diameter pipe. 

Mr. J. S. Wilson observed that in earlier days a dam consisted of @ 
solid mass of concrete, which supplied the necessary weight and had an 
impervious face, and that all the experiments with regard to stresses in 
dams had been related to the stresses in such a homogeneous struc | 
Since then there had been great changes, and the idea of a homogeneous: 
mass had been abandoned ; in fact, it was stated in the Paper that the 
enormous natural granite beds in the vicinity were divided up into come: 
paratively small blocks by fissures. Not long ago some very carefu | 
experiments had been carried out in America in an attempt to measure the | 
stresses in a concrete dam, but although great precautions had been take 7 
to obtain accurate figures, no exact results had been obtained. } 
intention had been to measure the actual strains produced in the concrete 
by the pressure of the water, but it was found that those strains wer 
rendered invisible by temperature-strains, creep-strains, andsoon. Int 
Gorge dam the various requirements were met individually. The 
penetration of the water was entirely prevented by the face, which . 
capable of conforming to all the local movements which might take place, 
To offer resistance to the face there was the thrust-block, which trans- 
mitted the thrust in a uniform manner to the large mass of packed granite, 
In addition to those provisions, the Authors had had to contemplate the 
possibility of earthquakes. 

The deflexion diagram (Fig. 10, p. 196) was very interesting, and he w is 
sorry that the Authors had not given their interpretations of the meanin 
of the curves. Had the Authors carried out any investigations into th 
stress-strain relation of the rock-fill ? . ae: 
Mr. G. M. Binnie observed that, as stated in the Paper, the diaphragn 
° 
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qwas poured to a height of 20 feet in one operation. Before shuttering 
jeould be designed for such a high lift, it was necessary to carry out a full- 
iscale experiment to determine the pressures likely to be exerted by the 
concrete during placing, and he showed a lantern-slide illustrating the 
japparatus used. 
} Two concrete side walls 21 feet high were built against a vertical wall 
Fwith a space 2 feet wide between them. The remaining side consisted 
of planks 2 feet long, set at a batter of 3-4 to 1 for the lower two-thirds and 
vertically for the upper one-third of the total height, thus corresponding to 
the face of the diaphragm. The ends of the planks rested on steel bars 
placed horizontally across knife-edges built into small openings left in the 
side walls. The concrete was poured into the form thus made in one 
operation in 34 hours, giving an average rate of rise of about 6 feet per hour. 
The pressures against the planks were transferred at the ends on to the 
steel bars, thus causing the bars to deflect under the load. The pressures 
exerted by the concrete were deduced from the deflexion of those simply- 
supported steel bars, the deflexions being measured relative to a second 
row of rigid bars by means of a micrometer. 
_ The concrete used was a good workable mix containing 600 lb. of 
cement per cubic yard, with an average slump of 1 inch. Two men were 
engaged in placing the concrete, one with a spade and the other with an 
automatic rammer. The results indicated that the pressure against the 
shuttering at a batter of 3-4 to 1 was equivalent to that of a fluid with a 
density of 110 Ib. per cubic foot, up to a maximum of 330 Ib. per square 
foot at 3 feet head, no increase in pressure being observed above that head. 
‘A similar experiment was also carried out for a vertical face 16 feet high 
in one pouring. The results of the latter experiment indicated that the 
pressure against vertical shuttering was equivalent to that of a fluid with 
a density of 124 Ib. per cubic foot, up to a maximum of 558 lb. per square 
foot at 44 feet head, without any increase in pressure above that head. 
_ The results obtained from those experiments were used as the basis for 
the design of the steel shuttering, the working stress being 8 tons per 
squareinch. Mr. Binnie showed a model of a steel panel, and said that the 
panels as finally constructed weighed 1,200 Ib. each, seven panels making 
up the width of 25 feet. The panels were each used about twenty times 
during the construction period, and were in excellent condition at the end 
of the job. They showed no signs of fatigue, indicating that the concrete 
pressures deduced from the experiments were evidently safe assumptions. 
- In the Paper it was stated that the steel panels were held at the bottom 
by means of a groove in the step below, and at the top by tie-bars fixed to — 
the thrust-block. They were thus supported with a 20-foot clear span, 
without any bolts or wires liable to rust and cause leakage going into or 
through the concrete. . ; . 
_ The panels deflected slightly under the load. When the upper ends — 
va released after the concrete had set, the panels sprang away approxi- 
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mately } inch at the top, thus automatically stripping themselves from 1 th 
concrete. As there were no bolts from the concrete projecting through tha 
panels, the panels could then be lifted immediately and placed elsewher 
wherever required. Owing to the ease with which the panels could b 
erected and stripped and the great number of times each panel was use 
the cost of shuttering per square yard for the steel panels compared very 
favourably with the usual wooden shuttering. 

One of the principal advantages of the high-lift construction was thi 
it gave only one horizontal joint every 20 feet to be made good against 
leakages, instead of from four to six joints with the more usual lifts. 
spite of the exceptionally high lift poured in one operation, the average 
rise of temperature of the diaphragm-concrete, containing 690 Ib. of cemen 
per cubic yard, was only 38° F., as compared with 53° F. for the concrete 
containing 600 lb. of cement per cubic yard in the tongue trench. Th at 
moderate rise in temperature for so rich a mix could be accounted for by; 
the large surface area exposed for dissipation of the heat generated by thes 
setting concrete. The high lift had also the effect of compressing the semi-: 
liquid mass under its own weight during construction, so that a very dense 
concrete was obtained, which proved to be absolutely watertight. The: 
_ following were some of the advantages of the high-lift type of construe-- 


capable of rusting and permitting leakage; ease and economy of con-- 
struction ; reduction in the number of horizontal joints in a given height, , 
giving fewer possible paths for leakage; and improved density of 
concrete. 

Mr. J. M. B. Stuart said that in various places in the Paper it was | 
mentioned that the underlying material was granite, but it was not stated . 
definitely that the catchment was on granite. In other parts where) 
granite catchments had been found the water coming off those catchments | 
was soft and had a progressive disintegration-effect upon the concrete in 
dams. In the Gorge dam, there seemed to be no doubt that there 
was considerable water-pressure under the concrete in the base of. thi 
thrust-block, as evidenced by the leakage into the inspection-gallery, anc 
if the water were soft there might be some danger of deterioration in the 
concrete at the base of the thrust-block. In connexion with the stability 
of the dam, the thrust-block was founded on sound rock but it had not 
been taken in very deeply, and there was no cut-off; there therefore 
seemed to be no doubt that there would be a certain amount of leakage 
under the thrust-block. It was not thought necessary to remove the sand 
and boulders which overlaid the solid rock in the stream-bed from th 
area where the rock-fill was going to be deposited. The compression of 
the material in the bed of the gorge underneath the rock-fill was about 4 
feet. The rainfall in the locality seemed to be very heavy at times, and 
the rainfall would certainly percolate through the rock-fill and get down to 
the foundations of the dam. The water percolating along at the founda 
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of the rock-fill. The rock-fill exerted a certain amount of passive resistance 
to the water-pressure, but with further settlement of it there might be 
#some downstream movement of the thrust-block. The sand-wedge was 
apparently designed to counter that, but would the sand-wedge be active 
Jenough to have the desired effect ? 

} He was doubtful if the provisions made for flood-disposal were sufficient. 
Tt was stated on p. 199 that the actual run-off in the past from the catchment 
thad been at the rate of 5 inches per hour, and that the flood-hydrograph 
showed a peak inflow of 17,400 cusecs. On p. 202 it was stated that the 
maximum discharging capacity of the bellmouth and siphons amounted to 
16,000 cusecs, allowing 3 feet of freeboard, which was equivalent to 
‘approximately 5-25 inches per hour. If there had been a run-off of 5 inches 
in the past, to make provision for 5-25 inches in a work of the kind in 
question did not seem quite sound, nor did he think that that provision 
would agree with what was recommended in the Interim Report of 
the Committee of The Institution on Floods in Relation to Reservoir 
Practice1. The provision made for flood-disposal might be quite sufficient 
for normal floods, but it seemed to him that it might not be anything like 
‘sufficient for the really big flood which occurred once in 50 or 100 years and 
upset all previous calculations. The flood-discharge system consisted of 
the bellmouth and the siphons, and they had very little overload capacity ; 
‘there was a freeboard of only 3 feet with a discharge of 16,000 cusecs. Ina 
‘dam of the kind in question it was not possible to allow any overflow to 
take place, because it would mean the immediate destruction of the dam. 
The Pineapple Pass dam was referred to in the Paper: it- closed up one of 
‘the outlets from the catchment. The actual level of that dam did not 
appear to be given, but it might be possible to construct an emergency 
‘spillway for a catastrophic flood so as to avoid any risk to the Gorge dam. 
Mr. F. C. Temple, referring to the statements in the Paper that one of 
the considerations on which the design of the dam was based was possible 
‘earth-tremors, and that it was seen in Japan that the effect of an earth- 
quake on a solid masonry dam might be serious, said that, in view of those 
statements, he was surprised that anything so solid as the cut-off wall and 
thrust-block should have been adopted. It might be of interest to give an 
illustration of how extraordinarily mobile the earth was during a big earth- 
quake. _ The Bihar earthquake of 1934 extended over an area roughly 
300 miles long and 100 miles: wide ; in that area, of every four houses one 
was destroyed, two were more or less damaged, and one remained intact. 
Over four hundred bridges were down or unsafe, and nearly every earth 
embankment had subsided, whilst the sides of the rivers came in and their 
| beds came up. That had produced the most extraordinary effects. In 
ra bridge with two 100-foot spans, the centre well had remained where 


| 


1 Inst. C.E., 1933. 
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* it was, and the two others had moved respectively 6 feet and 8 feer 
towards the centre, with the result that the girders had pushed the tops 02 
the abutments over. The wells, however, were undamaged and practically 
vertical, and he had new abutments built on them. Everywhere there was 
a tendency to level things up. There were not very many reinforced 
concrete structures in the area of the earthquake, but those that exis od 
were all undamaged. A reinforced-concrete 50,000-gallon tank on a brieki 
tower of piers and arches 40 feet high was undamaged, although the to wer 
was split by a fissure 2 feet wide and had to come down. 
For that sort of country it was obviously best to build the lightes 
practicable framed structures, insulated as far as possible from ground-. 
tremors by a loose cut-off, of which the ideal pattern would be round balls: 
_ inatray. Actually there was a patent extant in New Zealand in which: 
the superstructure did sit on ball bearings, although that form of co: 
struction was obviously impossible fora dam. Weight did not matter : 
so good a rock foundation, so that it was not likely that the Gorge dam 
would subside. If a big earthquake occurred, with the movement up 
down the valley when the reservoir was full, the rock-fill at the back: 
would be shaken down a good deal, and that would let the sand go. ec 
water might sweep right up the valley, leaving half the dam bare. That i 
type of movement had happened in the case of the Ganges, where the | 
water left the south bank, travelled over to the north bank, exposing half ' 
the bed of the river, and then came back to the south bank to a height of | 
some 20 feet above its proper level. The water in the dam, having gone 
up the valley, might come back with a rush and go right over the top inte 
the loosened rock fill. Judging from the behaviour of structures which he - 
saw in Bihar, he imagined that the most suitable form of dam for earth- - 
quake country would be a multiple-arch dam of reinforced concrete, and he _ 
would like to know why the Authors had not adopted that design. 
Mr. J. R. Davidson remarked that, in his opinion, the most notable 
feature of the design was the articulated diaphragm, or watertight face. © 
He understood that the term “ panel ”’, as used in the Paper, referred 
to the vertical strip running the whole height above what was called the 
solid-face concrete ; namely, the whole of the vertical strip 25 feet in 
width, and not to the 20-foot lifts in which the panels were brought up. 
If that were so, it would seem that the panels were not attached in any 
rigid way to the thrust-block, but merely reclined against it, so that the 
main articulation was therefore on vertical lines between the adjoining 
panels, with the possibility of slight movement about a horizontal axis 


on each side of each panel, was very interesting ; he had found that form 
of construction to be suitable for retaining-walls for reservoirs and filter- 
beds, but the method which had been adopted of forming the groove by 
means of a pre-cast concrete block was entirely new to him, and was a 
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} particularly neat method. How were those pre-cast blocks held in position 
} while the concrete was being placed ? 

} In the Authors’ design, the “Callendrite ” sheeting did not appear to 
Senter the diamond-shaped groove. He had found it very advantageous 
1 to carry the bitumen sheeting a short distance into the groove, so that when 
the molten bitumen or asphalt was poured in, it partially melted the bitumen 
} on the sheeting and got a grip on it. It was of great importance that the 
pouring of the asphalt should not be done until the concrete was thoroughly 
‘dry, and the groove should be kept free of water. For that purpose it was 
-yery convenient to build in a small horizontal pipe from the bottom of 
the groove, which acted as a drain, and which could be plugged immediately 
before the joint was run. 

_ Reference had been made in the discussion to the question of the 
probable life of the “ Callendrite ” sheeting and the thin copper strips. He 
“presumed that the “ Callendrite ” sheeting contained a foundation of some 
fabric, and he had found that for some curious reason fabric appeared to 
have the property of very slowly absorbing bitumen or similar substances ; 
in the present case, where the sheeting between the diaphragm and the 
buttresses was subject to very heavy pressure, he doubted if the sheeting 
“would have a prolonged life. With regard to the thin copper sheeting, it 
“was well known that in the case of several of the non-ferrous metals, such 
‘as copper and lead, with repeated bendings in opposite directions there was 
a hardening effect which tended to make the metal brittle, and it was then 
liable to break off. It was quite likely, however, that the movement of the 
copper in the case in question would be so slight that that effect would not 
be found. 

Another point, also mentioned by Mr. Halcrow, was the placing of a 
rich mixture of concrete on the water-face of the block of concrete which 
“was in contact with water. It was undoubtedly very valuable in providing 
an impermeable surface, and it had a much greater resistance to the action 
_of water, but the Paper did not state the thickness of that rich mix. A 
joint of greased paper was put between the rich mix and the leaner mix. _ 
He had quite successfully put a rich facing of concrete on to the bulk of a 
Jeaner mix without any ill effect due to the difference in temperature. Mr. 
- Davidson suggested that, since the resistance to water was very important, 
it would be very useful if the Building Research Station would consider 
~ making tests to ascertain what thickness of a rich facing of concrete could 
4 be put on to bulk concrete without causing trouble through difference in 
the rise in temperature. 

 ,*, Mr. J. K. Hunter was particularly interested in the description 
ae : ; ae 

of the exploratory work carried out in the vicinity of the dam preparatory 
to making a final selection of the site. The work was apparently carried 


*, This and the succeeding contributions were submitted in writing.—Sxo. 
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out by the orthodox methods of opening up trenches and sinking bore 
holes, which were tedious and costly operations when a large area had tob : 
covered, and the sound rock lay far below the surface. It appeared that 
after the site of the dam had been provisionally chosen, further borings dis- 
closed that an extensive zone of decomposed granite covered a part of thes 
- site at a depth of 50 feet, and as a result of that discovery it was decided t 
change the location of the dam. During the past few years the practice ofi 
sub-surface exploration by electrical methods had been succ 
developed, and had in several instances been used effectively in cai 
out preliminary examinations of the sites for proposed engineering works, 
including dams. Such methods were rapid and appeared to be reasonably 
reliable ; moreover, they could be carried out at a small fraction of the 
cost entailed by boring. They did not supersede boring operations entirely, , 
but by carrying out a comprehensive preliminary survey the most promi 
ing location could be chosen by examination of the rock contours 
obtained, and core-borings might then be used to confirm the results of the 
electrical survey. 

A few years ago he had been responsible for examining the site of a 
dam which it was proposed to locate on a granite formation. Although it 
was known that the granite was decomposed at the surface, it was hoped 
to obtain satisfactory foundations at a reasonable depth. Boring opera-— 
tions on the centre-line selected, however, revealed that in places total — 
decomposition had extended to a depth of over 100 feet, and, although © 
circumstances at the time prevented the scheme being proceeded with, it 
was considered probable that a more favourable site could have been found 
by altering the location. The work involved in those operations was slow 
and expensive, and, if the same ora similar site had to be investigated again, — 
he would recommend that before any boring operations were put in hand wt 
sub-surface examination should be attempted by one of the several methods _ 
of geophysical exploration which were now available. (| 

Mr. B. D. Richards observed that the interesting and novel section 
adopted by the Authors was stated to have been dictated by considerations” 
of economy and the avoidance of possible cracks, arising from either 
temperature-stresses or earth-tremors. It would be of interest to know 
whether or not the various alternatives considered included a reinforced- 
concrete arch dam, with wide abutments to distribute the pressure, and 
if so, how that compared in regard to cost. The diaphragm consisted of 
what might be described as a series of large concrete tiles, resting against, 
but not attached to, the buttresses ; the joints between the tiles, both 
vertical and horizontal, were staunched with copper strips. The tiles were 


was partly empty, there would appear to be a tendency for a considerable 
stress to be put on the horizontal copper strips, and even for the tiles to be 
shaken off. That tendency would be much reduced by giving a flatter 
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atter to the upstream face or by some system of interlocking of the 
les. Presumably, however, earth-tremors of such magnitude were not 
Janticipated. 

) Inthe plan (Fig. 2, p. 183) two gaps were shown on the western water- 
ished, one of which was closed by the Pineapple Pass dam. Those gaps 
jappeared to be possible sites for open weirs as an alternative to the escape 
uunnel and siphon-pipes, although the outlet tunnel would still be 
necessary. It would be of interest to learn whether or not such an 
alternative would be possible and economical. 

He would like to know whether or not in making the model-experiments 
on the bellmouth overflow, described in detail in another Paper }, the effect 
of placing an inverted cone on the vertical axis of the bellmouth had been 
tried, as a means of checking vortex-action, which was actually effected by 
placing a baffle across the diameter of the outlet. 

Mr, R. C. S. Walters was concerned with building dams on granite in 
Cornwall. Cornish granite consisted broadly of quartz, orthoclase felspar, 
black biotite mica, and white muscovite mica; it was less acid than the 
Burrator (Dartmoor) variety. The river valleys were sometimes wide, 
forming excellent storage-areas, and at other places were almost as narrow 
as gorges, forming superficially good sites for dams, and apparently resem- 
bling the conditions of the Shing Mun, but on a smaller scale. 

Although granite was the formation for the whole of the valley, its 
composition or physical resistance to denudation obviously varied, but the 
‘reasons did not seem to be known. Disintegrated granite generally 
occurred at variable depths, such as at 105 feet below the surface at Sheep’s 
Tor2, and at 40 feet below the surface at Burrator, the two sites being quite 
close together. China clay might occur not only at the surface, but 
beneath a perfectly hard crust of granite, and it was not safe to assume that 
‘the granite would get progressively harder with increased depth. The 
‘occurrence of such soft patches of disintegrated granite might be due to 
‘water, under pressure from below, containing fluorine and boron arising 
‘in past ages through veins. 

In view of the change of site at the Gorge dam due to the decomposed 
“granite 50 feet below the surface, mentioned on p. 182, the Authors’ views as 
to why cementation was not tried or adopted would be valuable. Some 
further particulars of the rock used for the aggregate, and whether or not 
crushed granite from the site was suitable, would be of interest. 

The Authors, in reply, said Sir Clement Hindley had referred to the 
time taken in the completion of the scheme, namely 6 years. As was 
‘pointed out in the Paper, the improvement of the access road, anti-malarial 
work, and the construction of camp accommodation, offices, etc., were all 


= 1 Q. M. Binnie, ‘‘ Model-Experiments on Bellmouth and Siphon-Bellmouth Over- 
flow Spillways.” Journal Inst. C.E., vol. 10 (1938-39), p. 65. (November 1938.) 
2. Sandeman, “The Burrator Works for the Water-Supply of Plymouth,” 
Minutes of Proceedings Inst. C.E., vol. exlvi (1900-1901, part IV) pate C=? 
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in progress while the exploratory investigations were in hand, and later 
as the type of dam to be adopted became more definitely settled, the larg 
amount of plant required was ordered and installed, so that by the tim 
the detailed plans were received from England everything was ready fox 
active construction. Sir Clement also raised the question of cost. The 
cost of the work was not referred to in the Paper because the doli aw 
fluctuated so much as against sterling, and it would have been possibly 
more misleading than informative to have given any details. When Mr 
Gourley was in Hong Kong in 1930 the dollar stood at 1s. 3d. and it had 
varied from 11d. or 1s. up to 3s. or 4s. although not over so wide a ran | 
during the time that the scheme was being carried out. It might, how 
ever, be mentioned that the scheme as outlined was estimated to costi 
8,000,000 dollars for construction; notwithstanding extra works whichl 
had to be carried out at the low gaps, the addition of 300,000 dollars fe ; 
the siphons and their outlet works as described in the Paper, and the anti 
malarial work costing 122,000 dollars, the scheme was carried out withir 
the original estimate. At the rate of exchange prevailing at the time the 
estimate of 8,000,000 dollars was made, construction was to have cost 
£500,000. The fact that, notwithstanding the various extras mentioned, 
the total expenditure was less than the estimate was unquestionably @ 
tribute to the excellent work of the Resident Engineer, Mr. Hull, and hi ; 
staff. . 
Sir William Peel had referred to the anti-malarial work. That involved 
the drainage of almost 1,000 acres round the camp and residential sites, , 
with the construction of 22 miles of permanent concrete drains. By 
making those drains of a permanent type rather than by relying upon . 
cutting earth ditches, maintenance charges were reduced to a minimum, 
and ultimate economy was thereby achieved. The expropriated paddy 
fields which lay within mosquito striking-distance of the camp called for 
measures more extensive than usually was the case in the tropics, but the 
122,000 dollars spent on the work kept the incidence of malaria within. 
reasonable limits, so reasonable that it had not been necessary to pay 
extra wages to labour as compared with those paid to similar labour in 
other parts of the Colony. Quite apart from considerations of health and 
on merely mercenary grounds, it was economy in a malarial district first 
to tackle the question of swamp drainage and then to keep a small anti-_ 
malarial gang under a foreman trained in that work for maintenance and. 
where necessary, oiling seeps and small pools which construction work 
brought in its train. The neglect of those precautions in one case known 
to the Authors caused labour rates eventually to advance by nearly 100 per 
cent. and led to considerable delay in the completion of the work, = 
Mr. Halcrow suggested that the thrust-block might have been to some 
extent, if not entirely, dispensed with had the upstream face been made 
flatter. It was in some measure a question of economics, for had the 
upstream face of the rock-fill been made on a flat slope more or less sin nilar 
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ito that adopted on the downstream side, the quantity of rock-fill would 
Whave been substantially doubled, and the yardage of the rich concrete of 
ithe diaphragm would have been almost doubled, for its thickness at corre- 
sponding depths would have remained the same. It was with those con- 
siderations in mind that the section as described was adopted as the most 
economical, having regard to the unit costs of the various items involved. 
There was the further advantage that by having the thrust-block it was 
possible to arrange for ready access for inspection, etc., of the diaphragm, 
and it was doubtful if that would have been practicable had the diaphragm 
rested directly upon the rock-fill, which was bound to settle somewhat, and 
certainly irregularly. It might be added that the idea of using a diaphragm 
in the Gorge dam was suggested by the remedial works on the Norwegian 
dams to which Mr. Halcrow had referred. 

Mr. Halcrow was not happy about the setting of the 20-foot lifts of 
concrete in the diaphragm, and raised a number of points about the 
shuttering for the work, which had been almost entirely answered by Mr. 
Geoffrey Binnie’s contribution to the Discussion. The fact that the panels 
had shown themselves to be absolutely impervious and the joints water- 
tight proved that the concrete had set properly, and that all the measures 
involved in the construction of the diaphragm had been successful. 

_ Mr. Halcrow and Mr. Davidson had referred to the “ Callendrite ” 
sheeting. Personally, the Authors saw no reason why that sheeting should 
not have a very long life in the situations in which it had been employed 
in the dam. In every case it was between masses of concrete, subjected 
to fairly heavy pressure, not exposed to light and always kept in a reason- 
ably moist condition ; indeed, the circumstances were almost ideal for 
longevity. 

Mr. Halcrow and Mr. Temple had expressed the view that cracking of 
the rock-fill following an earth-tremor or earthquake would allow the 
escape of sand and lead to loss of support to the thrust-block by the sand- 
‘wedge. It should be at once said that the kind of earth-tremor envisaged 
by the design was not such as more than to vibrate or jar the structures 
involved, and certainly not to cause any material displacement. The 
effect of such movement would be somewhat to consolidate the sand with- 
out, however, causing it to cohere, although, in view of its coarse nature, 
and even if the mortar jointing adjacent to the sand were to crack, no 
appreciable loss of sand or of support was anticipated. If an earth-tremor 
- of greater violence occurred, such as to cause a noticeable drop in the level 
of the top of the sand-wedge and also of the rock-fill above, it would be 
readily detected and without undue difficulty or expense that rock-fill 
could be removed, the sand “ topped-up,” and the rock-fill reinstated. 
‘Mr. Halcrow and Mr. Wilson mentioned the records of deflexion. 
There could be no question of cantilever deflexion below the level 453, _ 
for below that level the thrust-block and cut-off wall were securely held _ . 
he sides of the gorge, and it was probable that the loading and conse- 
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quent compression due to the depth of water in the reservoir in parti 
explained the upstream deflexion of that portion of the dam, although i { 
was to be observed that the maximum deflexion occurred about 4 months: 
after the reservoir was full. He understood that in the Boulder dam 
conclusion was reached that the load of water on the bed of the valley 
had caused general compression. The downstream deflexion of the up or 
part of the dam did follow more closely the rise and fall of the eon 
although with some lag-effect, and it was of interest to note the decr 
of deflexion as the reservoir fell from September 1937 onwards, indicating | 
the elasticity of the structure. In reply to Mr. Wilson, no stress-strain | 
investigation of the rock-fill had been made. ; 
The Authors were much obliged to Mr. Creasy for giving the short | 
history leading up to the carrying out of the scheme. There was no doubt . 
that for marly years past Hong Kong had to construct dams in valley 7 
which had poor storage potentialities, and never until the completion of 
the Shing Mun scheme had there been a material interval of non-con- 
struction; notwithstanding that, there were many years in which 
restrictions had to be imposed. . 
The Authors thanked Mr. Geoffrey Binnie for his remarks which 
supplemented the information given in the Paper. 
Although the foundations of the dam were in granite, the overlying © 
material in the catchment area was laterite, free from vegetation and 
giving rise to “ flashy” conditions of river-discharge. a © 
Mr. Stuart suggested that the concrete at the base of the thrust-block — 


block at the deepest part and the drainage gallery could not exceed 
100 feet, and as the base of the thrust-block was 80 feet wide, it was not) 


granite upon which the thrust-block rested were strengthened by grouting. — 
There was no evidence that any measurable quantity of water in excess 


fill on the hypothesis of pe 
With regard to the provision made for floods 


when the Authors stated that the peak rate of run-off was 5 inches per 
hour its duration was of a few minutes only, and as stated in the Paper 
that became reduced by the lag effect to 3:7 inches per hour. Those 
figures were equivalent to the normal maximum flood of the Floods 
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Authors served, and it was to be noted that according to that Report, 
nd for conditions in the British Isles, the peak rate of run-off from an 
area of 3,000 acres was 0-87 inch. It was further stated in the Paper 
that leaving a freeboard of 3 feet the flood-discharge arrangements allowed 
of a maximum rate of run-off of 5-25 inches per hour, so that if the increased 
lag effect of the extra 2 feet in the reservoir were taken into account, a 
flood exceeding the normal by almost 100 per cent. might be safely dealt 
with. The Authors, therefore, entirely disagreed with Mr. Stuart’s 
criticism, and the question of an emergency spillway at Pineapple Pass 
did not therefore arise. 

Mr. Temple attempted to make their flesh creep by painting a most 
gloomy picture of what would happen if an earthquake such as he described 
occurred at Hong Kong. If it did, neither the Gorge dam nor any other 
dam would be left standing. The Colony was not, so far as was known, 
likely to suffer an earthquake, although there was the possibility that there 
might be earth-tremors of moderate degree, and it was with that even- 
tuality in mind that the design was evolved. Mr. Temple’s comments 
were based upon the hypothesis of a major earthquake, so it was not 
necessary to follow him in speculation as to the possible effects on the 
‘component parts of the Gorge dam. The Authors did not know whether 
Mr. Temple was really serious in suggesting the merits of a multiple arch 
dam nearly 300 feet high: personally, they would consider it the least 
suitable type to employ in an earthquake country. 

Mr. Davidson referred to the hardening of copper due to repeated 
bending backwards and forwards. Any bending to which the copper 
‘strips in that case might be exposed would be of an extremely slight 
character, and embrittlement was not anticipated. The thickness of the 
rich mixture of concrete was as shown in Fig. 3, Plate 1, portions “1” and 
“9”. it was not a facing, as Mr. Davidson appeared to think, but the whole 
of the concrete in those portions contained 600 Ib. of cement per cubic yard. 
In reply to Mr. Hunter, there was no doubt that preliminary sub- 
surface investigations by electrical means were in some cases advantageous, 
but for important structures they had to be checked by borings, and, in 
certain formations, by trial pits as well. After reviewing the preliminary 
work which was carried out before the final site was selected at Shing Mun 
and its cost in the light of Mr. Hunter’s remarks, the Authors did not 
consider that there would have been any material saving in time or money 
“had geophysical methods been adopted. 

‘The cost of a thin arch dam which necessitated high and heavy abut- 
~ ments had been considered, but its cost was 10 to 15 per cent. more than 
" the adopted design, and apart from that it was not thought as suitable as 
that design for withstanding earth-tremors. 
Whilst Pineapple Pass was not suitable for the discharge of flood water, 
- the use of one of the low gaps was considered as an alternative to the 


siphons, but the cost was rather more than that of the siphons. 
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‘ - q ‘ Mie , 
Mr. Richards’ question as to whether an inverted cone wa 8 tried 
model experiments raised a point of interest ; that device was not t 
but when a circular horizontal disk was placed at the water-surfi 
the model it was found that vortex motion was prevented, due, 
surmised, to the exclusion of air, and that suggested that the in 
‘ cone would perform the same function and in a manner more prac 
_ from a construction point of view, but it would cost more than the curtail 
a ets Well. - f 
i In reply to Mr. Walters, cementation would not have rendered th 
y upper sites suitable or economical, but it was adopted not only to en 
watertightness below the cut-off trench at the Gorge site, but a 
strengthen the brown granite upon which the thrust-block was foun 


ss The Correspondence on the foregoing Paper will be 
the Institution Journal for October 1939.—Sxo. Inst. C.E. 
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INTRODUCTION, 


Rattway vehicles, when travelling at high speed, tend to develop a latera 
oscillation. When the tires are new this causes little trouble, but as they — 
become worn the oscillation becomes more violent, and finally assumes the 
characteristic form known as “ bogie-hunting.” The only cure is to with- _ 
draw the vehicle from service and to fe-turn the tires to their original _ 
profile. - | 

It has long been known that the trouble is connected with the coning 
of the tires, and the investigation here described started from that point. 
The investigation is mainly concerned with four-wheeled vehicles and 


bogies; it does not deal at all with locomotives. It consists of the 
following parts :— 


(1) Preliminary model-experiments on “ creep ”’ ; that is, on the depar- 
ture from pure rolling motion which occurs when there is a horizontal 
force at the wheel-rail contact insufficient to cause actual slip. As pointed 
out by Dr. F. W. Carter *, creep plays an important part in the problem 
because of the acceleration-forces associated with the oscillations. 

(2) Model-experiments, about one-fifth full size, with a single axle and 
with a four-wheeled vehicle. These are described at some length because 


F i jane ee on this Paper can be accepted until the 15th June, 1939.—Sxo. 
ust. C.E. 


* “ Railway Electric Traction,” 


ia pp. 47 et seq., and pp. 57 et seq. London (Arnold), 
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hey show the characteristics of the motion of coned wheels more clearly 
ithan do full-size experiments. 
(3) Mathematical analysis. This proceeded at the same time as the 
model-experiments, checking and being checked by them. 
| (4) Full-size “ crawl” experiments, with a single axle and with a bogie. 
} (5) Full-size experiments at normal speed on a London Midland & 
Wcottish Railway main line. 


' These parts will be described in the above order, except that the 
§mathematics, being rather involved, are shown as Appendixes to the Paper. 
Parts (1) and (2) were carried out in the Engineering Laboratory at 
#Cambridge University, under the supervision of Professor C. E. Inglis, 
F.R.S., M. Inst. C.E.; parts (4) and (5) were carried out in collaboration 
with the L.M.S. Railway, to whom the Author expresses his thanks for 


a 


permission to publish the results here. 


CREEP. 


- Consider a wheel travelling along a rail. Let the wheel-load be P and 
let there be a tangential force R at the wheel-tread and in the plane of the 
wheel. If R/P is zero there is pure rolling, and if R/P is equal to the 
coefficient of friction the wheel skids or spins. Suppose, however, that 
the value of R/P lies between zero and the coefficient of friction ; then, 
due to strain of the surfaces in contact, there is a departure from pure 
rolling, and a discrepancy between the actual distance travelled and that 
to be expected from the revolutions of the wheel. Using Carter’s definition, 
this discrepancy will be called the “ creep,” and the fraction (creep) /(distance 
travelled) will be termed the “longitudinal creepage.” If the horizontal — 
force R at the wheel-tread is perpendicular to the plane of the wheel, then 
the motion of the wheel in the direction of R, divided by the distance it 
travels in its own plane, will be called the “ lateral creepage.” 
_ Fig. 1 (facing p. 226) shows the apparatus for the longitudinal-creep 
experiments. The rails were of 1}-inch by -inch bright steel placed on 
edge, with the top machined square ; they were held in chairs which could 
be tilted to vary the rail-cant, without altering the gauge of 113 inches. 
The model-truck had cylindrical steel wheels, all ground to the same 
diameter. Those on the near side were fixed to the axles and all measure- 
‘ments were taken on them ; those on the far side were free, so as to avoid 
‘unknown creepage due to non-parallel axles. The back axle carried a 
srake-drum to which a known couple was applied by two spring balances 
‘and a piece of string ; this caused a known force R at the tread of the near 
back wheel. 
_ Projecting from the inner face of each near-side wheel was a ball- 
headed pin, which in each revolution passed through a fork fixed to the 
body of the model. At the start of each run the model was held against 
‘a chock, and the wheels were turned until the pins were just below the 
ks ; a steel ball was then placed in a countersunk hole in each fork, and 
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a micrometer measurement was taken over this ball and the head of t 
pin. This determined the relative angular position of the wheels. | 
model was then towed along the rails by a string, fixed to it close to rail 
level and in the plane of the near-side wheels, that is, in the line of action © 
the tangential force R. At the end of a measured course the model wa: 
stopped, with the pins in suitable positions, and the micrometer measure- 
ments were repeated. Since the front wheel had been rolling free while 
the back wheel was braked, any change in their relative angular position 
was due to creep. The correction for any difference in circumference w, 
found from an unbraked run. The error in measuring the creep was 
probably less than 0-002 inch, corresponding to an error in the creepage 
0-00001 on the usual run of 200 inches. The measurement of R by 
spring balances was less satisfactory, and some of the smaller readi 
may contain errors of 10 or 15 per cent. : 
For the lateral-creep experiments the track was banked to a known! 
angle by packing under the sleepers, the tangent of this angle giving the : 
ratio R/P. All wheels were fixed to their axles and the model was 
ballasted to load them all equally ; the spring-balance gear was removed, | 
Tow-lines fixed to the centre of the model at rail-level were taken through | 
eyes fixed at rail-level to the centre of the track at each end. 
At the start of each run, the lateral position of the model was deter 
mined by micrometer measurements from the outside of the near rail te 
the inside of each near wheel. The model was then towed backwa 
and forwards a certain number of times over a course of known length, and 
finally stopped at the starting point, where the micrometer measurement 
were repeated. The mean of the changes in measurement at the fron 
and back wheels was taken as the lateral creep. 
In both the longitudinal- and the lateral-creep experiments the wheel: 
load was varied by ballasting the model, and the wheel-diameter by fitting 
alternative sets.of wheels. Nominal point-contact between wheels and 
rails was obtained by giving the rails a cant of 1 in 20, so that only thei 
edges touched the wheels, and nominal line-contact by setting their running. 
surfaces as truly horizontal as possible. 
The curves in Fig. 2 (p. 227) show the relation between R/P and the 
longitudinal creepage for three different values of the wheel-load, the 
wheel-diameter being constant. The curves in Fig. 3 (p. 228) sho 
the relation between the same quantities for two different wheel-diameters, 
the wheel-load being nearly constant. The speed was about 2 feet per 
second throughout. Some of the points are erratic, as is to be expected 
with the crude apparatus employed, but the shape of the curves is not 
in doubt. At first they are practically straight, that is, the creepage is 
proportional to R/P, but at about R/P = 0-06 the limit of proportionality 
is reached and the curves bend upwards, becoming steeper and steeper 
and finally, it may be supposed, asymptotic to the line R/P = the 
coefficient of friction (about 0-125 by direct measurement with the wheels 


Fig. 1. 


MODEL FOR LONGITUDINAL CREEP EXPERIMENTS 
Fig. 4. 


MODEL-VEHICLE ON THE TRACK, 
Fig. 5. 


PLAN VIEW OF MODEL-VEHICLE. 
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Neither longitudinal nor lateral creepage was much affected by changing : 
from nominal point-contact to nominal line-contact between wheels and! 
rails. This is surprising, as it would be expected that the change would beg 
equivalent to reducing the wheel-load; perhaps the rails were nott 
accurately-enough levelled to obtain anything approaching line-contaet 
under the small wheel-loads used. 


Fig. 3. 


@—e—— Wheel-dia. 733 inches 
» load 23 Ib. 


ia. 4-89 inches 
joad 25-5 Ib. 


@—:-—o—-— Wheel-d 
ow ch 


CREEPAGE. 


LonaITUDINAL-CREEPAGE CURVES FoR VARIOUS WHEEL-DIAMETERS. _ 


The results of these experiments are used in the calculations given in 
the Appendixes (pp. 252 et seq.) So long as R/P is less than about 0:05 it is 
assumed that R = PK (creepage), where K is a ratio depending only 
on the wheel-diameter and load. Its value for the model described in the 
next section is taken as 155. 

No full-size experiments on creep were made. It is to be hoped that 
the same law holds, but it is not justifiable to extrapolate from the 
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} model-results to find a full-size value of K, as the differences of size, wheel- 
} load and contact-conditions are too great. 

Dr. F. W. Carter 1 has calculated a relation between the longitudinal 
} creepage and R. His result is, in the notation of this Paper, 

rl 


K =3,500(1+ V1 Sr 


_where the units are inches and lb., J denotes the lateral width of the wheel- 
} rail contact, 7 denotes the wheel-radius, and q is the ratio of R to its limiting 
(skidding) value. 

| _ This expression agrees fairly well with the experiments as regards the 
} variation of K withrand P. The value of Jin the experiments is unknown, 
but if both the experiments and the expression are correct for the lower 
Values of R/P, | works out to about 0-0035 inch, which is of the right order 
1 for the “point-contact” condition. Although the term in brackets 
indicates a steady upward curvature in the graph connecting R/P 
and creepage, it does not give the definite bend when R/P is about 0-06, 
| which is a decided feature of all the experimental curves; nor does it 
/make K fall off at the higher values of R/P fast enough to satisfy the 
experimental results. 


Mopet-EXPERIMENTS ON LATERAL OSCILLATION. 


(a) Apparatus. 
_ The track was straight, 60 feet long and of 11-inch gauge. The 
road-bed, of 12-inch by 4-inch steel channel, rested, web uppermost, on 
‘strong timber trestles. Angle-iron sleepers, bolted across it, had rec- 
tangular slots milled in their vertical legs.’ Into these slots the rails, of 
~ I}-inch by j-inch bright steel, were keyed with hardwood wedges ; their 
tops were machined flat. The track was as true as possible short of 
mounting it on special concrete foundations. 
mm. Down the centre of the track was fixed a wooden board, to which was 
stuck a strip of drawing paper coated with paraffin wax. As the model 
ran down the track, a spring-loaded stylus made a trace in the wax and 


d with an electric iron in readiness for the next run. Strips 


screwed to the edges of the board, prevented the wheels of 

the model wandering so far as to derail, this being necessary because the 

wheels had no flanges. . 
The model used for most of the experiments was a four-wheeler, with a 


el,” Proc. Roy. Soc. (A.), vol. 112 


1 “ On the Action of a Locomotive Driving Whe 
? Proc. Roy. Soc. 


1926), p. 151; and “ On the Stability of Running of Locomotives,’ 
A,), vol. 121 (1928), p. 587. 
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wheelbase of 23} inches, and weighed 60 lb. The wheels were ground to 
a coning angle of 1 in 20 and a mean diameter of 7-48 inches. Fig. 4 
(facing p. 226) shows this model on the track, whilst the constructiona 
details will be most easily understood from the plan view in Fig. 5 (facings 
p. 226). The wheels were fixed to the axles; these turned in self 


horizontal plane. These movements could all be limited by stop-screwss 
in the four stirrups inside the swing-links. This arrangement reproduced: 
full-size conditions, where the axles are free within the limits of the axle- 
box and bearing clearances. To ensure equal wheel-loads, the rear ax 
(on the right in Fig. 5) was mounted on a bar, which was pivoted] 
longitudinally to the frame of the model. The wooden saddle, on the 
extreme right in the Figure, engaged with the catapult mentioned below.. 


model. Special styluses could be fitted to record the paths of individual 
axles, either as parts of the model, or when tested by themselves. 

A rubber-rope catapult, fitted with suitable firing-gear, started the 
model at any desired speed, and a small slope on the track ensured that 
this speed was maintained. Until well clear of the catapult, the model 
was controlled by adjustable guides, so that it could be started on its run 
either central on the track or with any desired offset. 

After each run, the position of the stylus-line in the wax was read 
against the offset scale of a special measuring trolley, at regular intervals’ 
down the track, and the points so obtained were plotted on squared paper. _ 


(1) Since they dealt with a single vehicle, draw-bar pull and the buffer 
reactions of adjacent vehicles were absent ; these would tend to steady 
the motion. 

(2) Since the tops of the rails were horizontal, the wheels always made 
contact with their inner edges ; the analysis assumes the same conditions. 
With unworn tires, the effect of this approximation is negligible ; it will 
be considered later, 

(8) There were no wheel-flanges. This was not such a serious omission 
as it appears, since the main object of the experiments was to study the 
early development of the oscillation, before it had reached such an ampli- 
tude as to bring the flanges into play. The action of the flanges will be 
considered later, | 

(4) As far as possible, the imperfections of real track were eliminated. 
Perfect conditions were necessary, in order to study the fundamental 
characteristics of the motion on the short run available. i 
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1) Laperiments with a Single Axle. 

: Suppose that some disturbance displaces the axle to the right of its 
}central position on the track. Then, owing to the coning, the effective 
}radius of the right-hand wheel is increased and that of the left-hand 
J wheel diminished, and the axle will therefore swing to the left ; it will 
oyershoot its central position and will then swing back to the right, and 
}so on again and again. The wheel-coning thus produces a centering 
} action which makes the axle wander from side to side of its central position 
fon the track. It is shown in Appendix I (p. 252) that, at low speed, the 
J resulting path is a sine-curve of wave-length -L = 2nV/(rb/T), where r 
denotes the wheel-radius, 2b the gauge, and T the tangent of the coning 
‘angle. For the model this wave-length works out to 10-92 feet. The 


£ 


amplitude depends on the initial disturbance. 


- 


Fig. 6. 


10 20 30 40 feet 
LAN 


Patus or A SINGLE AXLE OF THE MODEL, 


% Curve 1 in Fig. 6 was obtained with a single axle, tested by itself, at a 
speed of under 2 feet per second. The mean measured wave-length is 
10-94 feet, and the oscillation neither damps nor builds up. 

When travelling at high speed the axle attempts to follow the same 
| path, but to enable it to negotiate the curves, inward accelerating forces 
must be provided at the wheel-treads. These inward forces are auto- 
matically accompanied by outward creep, causing the amplitude of the 
_ motion to increase. Itis calculated in Appendix I that the amplitude of each 
= 22 

half oscillation is (1 + ae times that of its predecessor ; for the 
- model, this “ building-up ” factor becomes (1 + 0:00036V2), where the 
speed V is measured in feet per second. 

~ Curve 2 in Fig. 6 is from a run with a single axle at a speed of 10 feet 
ei yer second. The wave-length is practically the same as at low speed, 


agreeing with calculation. The building-up factor varies between 1+ 
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1-09; 
and 1-14, averaging 1-085 as compared with the calculated value of 1-036 


(c) Crawl Experiments with a Four-Wheeled Vehicle. 


The mechanics of the motion are studied in Appendixes II and II 
(pp. 253 and 256); the results will be summarized here. aa 
If the wheelbase is denoted by 2c, and the axles have no play in thed 
frame, the path is a sine-curve whose wave-length is V(1 + c2/b?) tim 
that of a single axle ; this will be called the “long ” wave, as opposed tod 
the “ short ” wave of the single axle. For the model, (1 + c2/b2) = V5, 
and the long wave-length is 24-42 feet. | 
In practice, owing to axlebox and bearing clearances, the axles hay Bi 
two important plays in the frame: freedom to swing in a horizontal plane 
through an angle + , and end play + 8 in the direction of their length ; 
5/c will be denoted by y. If subject to no other constraint, the axles will 
wander in their individual sine-curves as if they were independent, $0 } 
long as the amplitudes of these curves do not exceed certain limits fixed 
by B and y. . 
Actually, within the limits imposed by the clearances, the motions of 
the axles relative to the frame are resisted by the axlebox suspensions, 
This resistance is probably mostly elastic, any movement of an axle from 
its equilibrium position being resisted by forces and couples proportional 
to such movement. In Fig. 24 (Appendix III, p- 256), s is a measure of ' 
these resistances; as s increases from zero to infinity, the wave-length — 
changes from short to long, and there is very high damping over an inter- 
mediate range. In the model, the resistances are caused by the inclina- 
tion of the swing-links when an axle leaves its equilibrium position, and — 
are equivalent to about s = 0-015, not enough to increase the wave-_ 
_ length or to cause appreciable damping. 
Elastic resistances, however small, equalize the amplitudes of the two. 
axle motions, and make the front axle lead the back axle in phase, by 
about 25 degrees in the model. With this relation between the axle 
motions, the clearances allow the axles to move in the short wave, provided 
that the amplitude of the motion of the centre of the frame does not exceed 
32:5(B ++ y) inches or 948 inches, whichever is the smaller. 
Suppose that the model is well outside this “free zone.” The axles 
will lock hard over inwards and the model will travel in the long wave 
__ After entering the free zone the axles will release, swinging round in their 
_ clearances through an angle 28, and the model will leave the free zone y 
a reduced angle, and therefore in a long wave of reduced amplitude, as 


* 


shown in Fig. 7. Any angular play of the axles therefore damps out the 
long wave. ; . 


The experiments agreed with the analysis, as is shown by the curves 
in Fig. 8. These were given by the central stylus of the four-wheeled 


ell 
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Fig. 7. 
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model moving at a crawl (2 or 3 feet per second), except in the case 0: 
curve 9. In curve 3, B and y were both large, giving plenty of room 
the short wave. The axles probably started in an unnatural phase 
relationship, and the initial damping marks the quick suppression of a larg 
secondary oscillation. In curve 4, 8 and y were both nominally zero 2 
the long wave is obtained ; the measured wave-length is about 24-5 feet! 
Actually, the inevitable small bearing plays produced a small value of B 
resulting in the damping action. In curve 5, 8 = 0-00033 and y = 0: the 
long wave is heavily damped. In curve 6, 8 = 0-00066 and y = 0: the 
long wave is soon killed and the short wave is too small to measure. 
curve 7, 8 = 0-00166 and y = 0: the long wave is killed at once, but th 
short wave has room to develop; in theory its amplitude cannot exceed 
32-58 = 0-054 inch, and by measurement it is about 0-05 inch. 
curve 8, 8 = 0-0028, and y=0: the short wave has more room ; 
theoretical maximum for its amplitude is 0-09 inch, which is its actuall 
value. ; 
With small end plays as well as small angular plays, the axles seemed! 
to take up the angular plays first, after which they could only use the end 
plays by sliding the axleboxes across the guides. This they might ort 
might not do; in consequence the curves, although similar to those fort 
angular play only, are not so consistent. The damping of the long wave: 
is as pronounced as ever, but the wave-length and amplitude of the short 
wave are rather uncertain, and it is usually slightly damped. . 
In curve 9, 8 = 0-0004 and y = 0-0004: theoretically, this limits the: 
amplitude of the short wave to 0-026 inch; actually it is invisible. The: 
speed on this run was 10 feet per second, which makes the high damping a ] 
the more meritorious. In curve 10, 8 = 0-00166 and y = 0-0017, limiting 
the amplitude of the short wave to 0-011 inch; actually it starts at 0-0 
inch, and is slightly damped. 2 | 
The ideal is that, after any chance disturbance, the vehicle should 
return to the centre of the track and should stay there. Very sm a | 
angular plays, with or without very small end plays, seem to achieve this 
at low speed. : 
In curve 11, 8 and y were both zero, but the axles were out of parallel b: 
an angle 2x = 0-0017 radian, as accurately as could be measured with miere 
meters. According to Appendix III (B) (p. 257), the axis of motior 


= 0-127 inch 


Mes 


re 


* 


2.9 


= oS 


al 


should be displaced from the centre-line of the track by F 
the actual displacement is 0-11 inch, 

According to Appendix III (C) (p. 258), if the axles have end play 
suitably resisted, and no angular play, the oscillation will be heavily 
damped. The arrangement was tried, using springs of various strength: 
At the end plays; curve 12 shows about the heaviest damping 
obtained. — 


Curve 13 shows the relation between the axle motions, with full angulai 


cha \ 
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and no end plays ; the full line refers to the front axle and the dotted line to 
he back axle. At the start the axles were set unnaturally, but they soon 
adjusted themselves to approximate equality of amplitude, with the front 
tle leading in phase by 20 or 25 degrees. The longitudinal co-ordinates 
refer to the position of the centre of the model, not to the positions of the 
individual axles. 

Tt has so far been assumed that the control exercised by the suspensions 
selastic. If it is assumed to be frictional, and calculations are made as in 
Appendix III (pp. 256 et seq.), an equation of motion is obtained which 
represents two undamped waves of different frequencies. In curve 14, 
full angular but no end play was given, and the pivots of the suspension- 
links were tightened to introduce friction. The run is too short to be con- 
elusive, but it suggests a beat. 


(d) Experiments with a Four-Wheeled Vehicle at Speed. 
__ Speed makes the oscillation increase in amplitude, as with a single axle. 
In Appendix IV (pp. 260 et seq.) it is calculated that, if the axles have 
il angular but no end play, the amplitude of each half oscillation is 
i V*(1 + P) 
iC us gKL 
ess than unity) depending on the dimensions of the vehicle ; for the model, 
is building-up factor becomes (1 + 0-00024V2), where the speed V is 
asured in feet per second. 
In curve 15 of Fig. 9(p: 236), the axles had full angular but no end play ; 
he speed was 12 feet per second: the model moves in the short wave and 
e oscillation builds up, rather irregularly. In curve 16, the axles had full 
ular and full end play ; the speed was 10 feet per second: again the 
Jel moves in the short wave; the average value of the building-up 
ctor is 1-13, as compared with the calculated value of 1-024. Incurve 17, 
he axles had nominally no plays; the speed was 20 feet per second: the 
g wave is obtained, as in Fig. 8, curve 4. (for the same conditions at a 
awl), but the damping effect of the small plays actually present in the 
earings is now overcome by the speed, and the motion builds up. 
The axles were then given small angular plays of B = 0-00066, but no 
d play. In curve 18, at a speed 13 feet per second, the model is still 
er control. In curve 19, at 20 feet per second, the model is getting 
ut of control; this curve should be compared with curve 6 (17g. 8), for 
e same conditions at a crawl. 
- The addition of end play did not help. In curve 20, B = 0-00066 and 
—0-00066; the speed was 20 feet per second. The device of giving 
play only, resisted by springs, which was so successful at a crawl, also. 
iled at high speed. In curves 21 and 22, the speeds were 15 and 20 feet 
second respectively ; the model was adjusted as in curve 12. 
Many more runs were made than are referred to here, but no means 
e found of stabilizing the model at speeds over about 20 feet. per 


times that of its predecessor, where p is a constant 


if 
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second. This is not surprising: the calculated building-up factor is c 


2 . 7 
the form ( ), where C depends on the dimensions of the model 


1 CV 
TTR 
above a certain speed this factor is bound to win, since as V increases 


Fig. 9. 
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becomes overwhelming. To make matters worse, when the speed exceeds 
a certain limit, K ceases to be constant and falls off sharply, as explained in 
Appendix I (pp. 252 et seg.). It will be noticed that the shorter the wave 
length, the greater the building-up factor. ny 
Both with the single axle and with the four-wheeled model, the building 


up factor found by experiment is decidedly greater than the calculate 
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value. Perhaps the effective value of K falls off at quite low speeds; 
since the model is unsprung, small vertical irregularities of the rail surfaces 
would reduce adhesion. 


e) Experiments with a Four-Wheeled Bogie. 


_ Such a bogie is essentially a four-wheeled vehicle, from the centre of 
which one end of a coach is hung by swing-links and springs. At speed, 
his suspended load produces dynamic effects. 

- The shortness of the track made it necessary to idealize the coach as 
bwo concentrated masses, one over each bogie, and to use a model repre- 
senting one such mass and its bogie. Fig. 10 (facing p. 227) shows this 
model with the rear axle removed. The lead mass was carried at each end 
pn ball bearings, which ran in grooved rails fixed across the bogie, and was 
sentered by a cantilever spring. The length of the cantilever, and there- 
ore the periodic time of oscillation of the mass, could be varied by 
moving the spring anchorage on the bogie. An oil dash-pot, like a hydraulic 
shock-absorber, provided adjustable damping. A recording stylus was 
fixed to the centre of the mass. The bogie weighed 60 lb. and the mass 
85 lb. 

_ For a given setting of the control spring, let the natural period of 
oscillation of the mass relative to the bogie be ¢ seconds. Let the model 
be travelling at a speed of V feet per second in a sine-curve of wave-length 
L feet ; then the time of oscillation of the bogie will be L/V seconds. A 
simple calculation in forced harmonic motion shows that, if there is little 
damping, V = L/t is a synchronous speed at which the mass oscillates 
very violently ; below this speed the mass moves in phase with, and 
more than, the bogie ; above this speed, it moves in antiphase, with an 
mplitude which becomes smaller and smaller as the speed rises ; at twice 
the synchronous speed, the movement of the mass is less than half that 
of the bogie. The addition of damping modifies the phase-relations and 
keeps the mass under control at the critical speed, but it increases the 
movement of the mass at speeds well above the critical. 

Below the critical speed the oscillation of the bogie should build up 
rather faster than that of a four-wheeled vehicle, since the mass is moving 
in phase with, and more than, the bogie ; above the critical speed the 
antiphased oscillation of the mass should tend to suppress that of the bogie. 
 Tnall but the last two curves of Fig. 11 (p. 238), the axles of the model 
had full angular but no end play, so the bogie moved in the short 
wave ; the addition of end play was found to make little difference. 

In curves 23 and 24, the natural period of oscillation of the mass was 
1-37 second, corresponding to a critical speed of 8 feet per second ; there 
was no damping, except for the slight friction in the ball bearings. The 
full line shows the path of the mass and the dotted line that of the bogie. 
Tn curve 23, the speed was 8 feet per second, the critical speed; the~ 


T 


J be 


ro) scillation of the mass builds up rapidly. In curve 24, at a speed of 19 feet. 


? 
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per second, the mass is much steadier; the oscillation at its nat 1 
frequency, which predominates in the record, would die away on a lon; 
run, 


Fig. 11. 
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Curves 25 and 26 are repetitions of 23 and 24, with moderate dampin 
added; there is a great improvement at the critical speed. Increasin 
the damping to dead-beat makes little further improvement at the critic 
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peed, and is harmful at higher speeds ; it comes too near to locking the 
1488 to the bogie, a reversion to the four-wheeled vehicle and all its vices. 

irve 27 shows this, the conditions being a repetition of those for curve 26, 
but with dead-beat damping. 

In curve 28, the natural period of oscillation of the mass was adjusted 

}0 raise the critical speed to 13-7 feet per second ; there was no damping. 
he speed of the model was 12 feet per second, well below the critical speed, 
put the oscillation was so dangerously violent that a run at the critical 
peed was not attempted. This shows that the higher the critical speed, 
he more violent the oscillation it produces, which is to be expected. 
- Since, above the critical speed, the oscillation of the bogie does not 
wild up as fast as that of a four-wheeled vehicle, it is more easily controlled 
the devices which were effective at a crawl. This is shown by curves 29 
nd 30. In both cases the actual speed was 19 feet per second, and the 
sritical speed for the short wave 8 feet per second ; the mass was moderately 
lamped. In curve 29, 8 = 0:0004 and y = 0-0004. In curve 30 the axles 
id full end play, resisted by springs, and negligible angular play, as in 
murves 12, 21, and 22. 


see 
CoMPARISON OF THE Mopet-EXPERIMENTS WITH REALITY. 


<a 


a) Speed-Scale. 


Comparing the model with a full-size vehicle, for equivalent speeds the 
2 


V 
hs must be similar; that is, the building-up factor, and therefore LR’ 


ust be the same. The speed-scale is therefore the ratio of the values of 
‘LK in the two cases, and cannot be determined, since the full-size value 
f Ke is not known. 


) Wheel- Rail Contact Conditions. 

The wheels of the model were true cones, and they always made con- 
ct with the inner edges of the rails; the analysis in the Appendixes 
ssumes the same conditions. 

_ In reality, with unworn tires and rails, the angle of cant and the coning 
ngle are both 1 in 20, the rails are at 59-25-inch centres, their running 
rfaces have a 12-inch sage and the flanges limit the transverse dis- 
acement of an axle to + 2 inch. The maximum tilt of an axle is there-— 


2 x 0:375 


—E hi ximum transverse displacement of the 
sera om em ; 


| 2 x 0-375 x 12 
el-rail contacts is = 90 x 59.25 
egligible. The model and the analysis are therefore, in this respect, a 


representation of reality for unworn tires and rails. 
). 12 (P. 240) shows are ad the profile of a worn rail. Rails 


=  0-0076 inch full size, which 


—_—. 
' 
|e 


| 
of dates ranging from 1914 to 1934 were examined on straight stretches ' 
L.M.S. fast main-line track. The radius of the part AB of the p: ofl 
varied from 12 inches in some cases to 13} inches in others. To the le A 
of A (distant about ? inch from the inner edge), the radius decreasec 
progressively. Evidently, throughout the life of a rail, the profile of the 


Fig. 12. 
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Inner edge. 


DIAGRAMMATIC PROFILE OF WoRN Rar. 


central part of the running surface hardly changes, the inner edge is slightly; 
modified, and the radius at the outer edge disappears as the rail wears 
down. 
Fig. 13 shows diagrammatically the profile of a worn tire; in a bad! 
case the radius of the part OD may be as small as 12 inches. The unworn) 
profile is shown dotted. 
Evidently, as would be expected, tires and rails wear to fit one another, . 
‘Suppose, for simplicity, that both wear to circular cross sections, the: 


Fig. 13. 


DIAGRAMMATIC PROFILE OF Worn Tire. 


radius of the rail section (convex) being R,, and that of the wheel-sectio 
(concave) Re, slightly greater than R,. Consider a single axle, as c 
pp. 231 et seg. and in Appendix I (pp. 252 e¢ seg.). If the axle is dis 
placed +- y laterally from its central position on the track, it tilts throug 
an angle of approximately 7'y/b, where 7, the tangent of the conin; 
angle, is measured at the centre of the tire-tread. The wheel-rail contact 


therefore move — R7'y/b laterally, where ae aie making the effel 


ae aD 
tive radii of the two wheels differ by approximately 2T (1 at. = y 
instead of by 27'y with unworn tires. ae 
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_ Thus, although wear does not usually much alter the actual mean 


> 


; Ae : . R 
value of 7', it increases its effective value ( + =) times, and therefore 


educes the wave-length of the oscillati eet 0.1 
* g cillation to Vil t RE by of its former 
value. If R, and Kz are nearly equal, R is very large, and the wave- 
ength is much reduced; the building-up factor is correspondingly in- 
reased, since the wave-length appears in the denominator of that factor. 
a Tire-wear therefore reduces the wave-length and increases the rate at 
yhich the oscillation builds up at a given speed. 


) Azle-Plays and Control of Axles by the Suspensions. 

The Paper is mainly concerned with the bogies of passenger coaches. 
ypical dimensions are: wheel-radius, r = 214 inches; gauge between 
il-centres, 2b = 59} inches; tangent of coning angle, 7 = gig, making 
he short wave-length L = 59-3 feet; play of axleboxes parallel to the 
Is, -- Linch ; axlebox guides, centre to centre, about 76 inches, making 
he angular play of the axles + B = + 0-0033 ; play of axleboxes parallel 
0 the sleepers, + 4 inch; end play of journals in their brasses, + 3’g inch, 
making the total end play of the axles + § = + 34 inch; wheelbase, 


¢ = 108 inches, making y = = = + 0-0085. 


~ By conditions (19) of Appendix II (p. 255), it follows that the bogie 
san move in the short wave, provided that the amplitude of the oscilla- 
ons of the axles does not exceed about 1 inch, which is greater than the 
it of 3 inch imposed by the wheel-flanges. 
The design of the bogie suggests that, within the limits of the clearances, 
the control of the axles by the suspensions must be small and mainly 
lastic, being mostly due to the inclination of the suspension-links from 
the ends of the springs. The model, with full axle-plays, should therefore 
ea fair representation of the bogie. 
The oscillation of the model was very heavily damped when f and y 
yere both reduced to about 0-0004. To reach these values in the real 
jogie would mean eliminating the end play of the journals in their brasses 
ind reducing axlebox clearances to —- ds inch, or #g inch total clearance. 
Chis would raise practical difficulties ; it might be necessary to lubricate 
he axlebox guides, and there might be trouble in ensuring that the 
xles were parallel within such close limits. 

‘The other damping device used on the model, of giving only end play 
sisted by springs, was tried in the full-size experiments described on 
246 et seq. 


l) The Action of the Flanges. 
ie Experiments on the effect of flange-impact on locomotives have been _ 
ade in America, using a four-wheeled model with no axlebox or bearing 


bis 
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clearances 1, The results showed that, above a certain critical speed, th 
impacts alone were sufficient to maintain an oscillation. The tires wer 
not coned. 

In ordinary vehicles and bogies, the clearances given in practice an 
so large that it would be necessary to begin by studying the behavior 
of a single axle. 

At a crawl, any action by the flanges must tend to suppress the oscille 
tion. If the left wheel-flange comes into operation, as shown in Fig. 14 
the rail will exert a forward force upon it, and the axle will therefore tu 
clockwise ; but as soon as wheel and rail are parallel, the contact betwee¢ 
flange and rail will cease, and the wheels and axle will start off again. 
their sine-curve, leaving the rail tangentially. Thus, whatever the ang! 
of incidence, the angle of reflexion is zero. 


Fig. 14. 


AcTION OF A FLANGE. 


An exact analysis for high speed is impossible. Since the rails are not 
rigid laterally, the impulse on the flange is not instantaneous ; also, thi 
position of contact between flange and rail depends on the exact shape 0 
both, and is quite uncertain after a little wear. What follows is therefc 
only an outline. 

In Fig. 14, the flange strikes the rail at A, a little in advance of the 
wheel-centre and a little below the rail-surface. There will be normal « 
frictional impulses ; these may be resolved into lateral and longitudinal 
impulses, P and Q, and a vertical impulse with which this analysis is not 
concerned. Taking probable values for the various quantities concerned, 
it appears that P and @ have a clockwise impulsive moment about G w ni 
is roughly proportional to P, and are not otherwise greatly affected by 


? B. F,. Langer and J. P. Shamberger, ‘‘ Lateral Oscillations of Rail Vehicles. 
Trans. Am. Soc, Mech. E., vol. 57 (1935), p- 481. 


ae 
a 
Ps 


OSCILLATION OF RAILWAY VEHICLES. 243 


a 


he angle of incidence. Now P itself must increase with Vy, the lateral 
elocity of incidence. The axle therefore acquires an angular velocity 
oughly proportional to Vy, and skids round clockwise. The angle 
hrough which it skids cannot be readily calculated, because it is sliding 
ransversely at the same time, but the angle may be expected to increase 
rith V, until finally the angle of reflexion is greater than the angle of 
neidence, and the action of the flanges helps to build up the motion. 


5 Fouut-SizE Crawi EXPERIMENTS. 


Various single axles and a four-wheeled bogie were used. A straight 
ack, 200 yards long, was laid in the Carriage and Wagon Works at 
erby. The first 100 yards consisted entirely of new material, and the 
cond 100 yards of old rails, chairs, sleepers, fishplates, etc., reassembled 
the relative positions which they had occupied in service. The whole 
as given a uniform fall of 1 in 300, to ensure free running. 

_ The recording gear was designed by Mr. Eling Smith, of the Chief 
fechanical Engineer’s Department of the L.M.S. Railway. Fig. 15 (facing 
. 227) shows the arrangements fora singleaxle, A tubular frame, pivoted 
m the ends of the axle, carried a small spring-loaded recording wheel. 
This wheel ran on a board fixed outside the near rail, and marked on 
tches of paint applied to that board at intervals. The distances of 
marks from the inner edge of the rail were measured with an offset 
e. In the experiments with a bogie, the recording wheel was carried 
post fixed on the rear axlebox guide. 

Fig. 16 (p. 244) shows the records taken on the new track ; they are very 
ferent from the clear sine-curves of the model. The track was reasonably 
raight and true, but even the best-laid track has kinks and waves 
parable in magnitude with the possible lateral motion of an axle 
2 inch). The path of an axle depends on the interaction of its natural 
‘ave-motion with these track imperfections, and is completely distorted 
1en a flange comes into action. The records are further complicated by 
ing measured from a crooked rail as datum ; this error could have been 
voided only with considerable trouble and expense. 

2% The records of runs with the same axle or bogie are very similar, 
ferences in starting conditions being quickly absorbed (as shown by 
mparing records 1 and 2, or 3 and 4). This is almost certainly due to 
ge-action (as explained on pp. 241 et seq.) operating on a crooked rail ; 
ter the first one or two traverses, the flanges always lose contact with the 
ils at the same kinks. The paths of different axles are generally very 
fferent, but certain prominent features, corresponding to especially 
ent kinks in the track, recur. 

The paths of the worn wheels confirm the conclusion reached on pp. 239 
that tire-wear reduces the wave-length. The first set (curves 5 
6) show a pronounced oscillation with a wave-length of about 20 feet, 
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as compared with the theoretical value of 59 feet for unworn wheels of th 
same diameter. The second set (curves 7 and 8) show a similar but les: 


definite result. ; 
In theory, if the natural motion of an axle or bogie on straight 
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is a sine-curve, then the difference between two records taken over tl 
; same crooked track gives the natural motion. Curve 11 is the diff 
¥ between curves 1 and 2: the wave-length agrees well with its theo 
= . value of 52 feet; the damping must be caused by the action of the flan 
< as explained above. Curve 12 is the difference between curves 9 an 
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the wave-length agrees well with the theoretical value for the individual 
axles of the bogie (namely, 59 feet); this confirms that a four-wheeled 
bogie moves in the short wave. 

_ Fig. 17 shows the records taken on the old track. Here the imperfec- 
ions of the track itself mask everything else. There is, however, one 
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portant piece of negative evidence ; the worn wheels did not oscillate 
their 20-foot wave-length. It is the fit between wheels and rails, not 
wear in itself, which reduces the wave-length, and it was noticed that on 
track the rails happened to be worn and canted.so that they did not 
e actual worn wheels tested. This probably explains why “ hunting” 
termittent in practice. a ae 
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Fuut-Sizz ExperRIMENtTsS AT NORMAL SPEED. 


The same vehicle, a third-class corridor brake with four-whee a 
bogies, was used throughout. For the main experiments, it was coupled 
at the rear of a passenger train from Derby to St. Pancras, and the behavio u 
of its rear bogie, the last of the whole train, was investigated at various! 
speeds. Three different sets of wheels were tried under this bogie, one 
with new tires and two with worn tires. Accelerometers recording ng 
celluloid, made by the Cambridge Instrument Company, were used ; th °y) 
were fixed on the floor of the coach above the bogie-centre, in the bogit 
itself close to its centre, and sometimes on the head- and tailstocks of the: 
bogie. | 
“The method had the following limitations. Firstly, since for a gi a 
path the acceleration varies as the square of the speed, it was difficult to 
get recognizable readings at low speeds ; secondly, the instruments on the 
bogie had to have such stiff springs that they were not nearly dead-beat; | 
and thirdly, because of the play between the axles and the bogie-frame, | 
the records did not give the actual motion of the wheels. }: 
Taking the wheels with new tires first, curve 1 in Fig. 18 is a record! 
from the instrument near the centre of the bogie. The speed was 106 
feet per second, the longitudinal scale is 1 inch = 1-0 second or 106 feet, , 
and the lateral scale 1 inch = 4g. The fundamental wave (dotted) is that 
of the wheels on the track; it has a wave-length of about 60 feet. The: 
frequency of 5:5 per second, occurring in one or two places, is the natural 
frequency of lateral oscillation of the bogie-frame on its side bearing} 
springs, etc.; this was verified with the vehicle stationary. The high 
frequency (imperfectly reproduced in tracing) is the natural frequency of 
the instrument. Curve 2 is from the instrument in the coach, and was: 
taken almost simultaneously with curve 1. The scales are 1 inch = 1-03 
second or 110 feet, and 1 inch = 1-7g. The bogie-wave (60 feet, or 0-56 
second long) is superimposed on a longer wave, of length 1-25 second. Tl 
latter represents the natural period of lateral oscillation of the end of tl 
coach on its swing-links, etc.; this, too, was verified with the vehic 
stationary. The high-frequency ripple must be a vibration in the coac 
exaggerated because of its closeness to the natural frequency of the 
instrument. 
With new tires, the bogie-wave did not generally appear at speeds 
below about 60 miles per hour, and it was never violent. This suggest 
some damping influence, probably the stiffness of the axlebox suspensions. 
The wave-length varied from 49 to 63 feet in different records, whic 
agrees with theory (59 feet) as well as can be expected, bearing in mind the 
effect of track-irregularities ; it was not consistently affected by the speed. 
Turning now to worn tires, curve 3 is from the instrument at the bo 
centre, during a period of hunting, with the first set of worn tires. — 
speed was 103 feet per second, and the scales are 1 inch = 0-96 second or 9 
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- Wave-length: second . . . . . | 0:32 | 0-26 | 0-25 | 0-26 | 0-24 | 0:26) 


Tables, only the tire-profiles differ, yet the time wave-lengths are qui t 


. Ae 
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feet, and 1 inch = 4g. The fundamental wave has a much greater ampli: 
tude than in curve 1; its length is 32 feet. Curve 4, taken almost sim ul 
taneously with curve 3, is from the instrument in the coach. The scale 
are 1 inch = 0-93 second or 96 feet, and 1 inch = 1-7g. The bogie-wa) i 
of curve 3, much reduced in amplitude by the coach suspension, is supert 
imposed on the natural oscillation of the coach. } 
With worn tires, the bogie-wave sometimes appeared at speeds as 
low as 40 miles per hour, and at higher speeds it often became very violent 
Sometimes, however, there was no sign of it at quite high speeds, probably 
because the wheels did not happen to fit the rails. Wave-lengths, from 
different records, are given in Tables I and II. 


TasB_e I.—F ist Set or Worn TIREs. 


Speed: feet persecond, . . 59 73 | 100 | 100 | 101 | 103 | 108 
Wave-length: second . . . 0-33 | 0-32 | 0-32 | 0-35 | 0-33 | 0-32 | 0: 
Wave-length: feet . . . . 20 24 32 35 34 33 36 


Tas_Le IT.—Srconp Set or Worn Tires. 


Speed: feet persecond . . . . .| 59 | 88 | 103 109 | 114 116 
Wave-length: feet. . . . . . . 19 23 26 28 27 dD 


The constancy of the time wave-length in Table I suggests a resonan¢ 
effect. This cannot be the case, however, since, as between the 


different ; further, the time wave-length of neither Table agrees with a ny 
natural frequency which could be discovered in either the coach or the 
bogie. The explanation must be that the wave-length increases with the 
speed so rapidly that the time-frequency remains nearly constant; som 
increase is foretold by the equations in the Appendixes and by the model 
experiments, but once hunting has developed the motion must be largel 
governed by the flanges. fi 

In the first set of worn tires the radius of the part CD of the profil 
(Fig. 13, p. 240) varied from 14 inches to 18 inches, and in the secc n 
set from 12 inches to 13 inches. The second set hunted more violently 
than the first, and, as the Tables show, with a shorter wave-length. 

By an arrangement of “ Bowden ” wires and parts of a Hallade instru 
ment, Mr. Eling Smith recorded the horizontal movements of the axle 
boxes in their guides. There was too much inertia in its moving part 
for the instrument to be entirely satisfactory, but it confirmed the wave 
lengths given by the accelerometers. It also showed that the axle moti 
were often more than 90 degrees out of phase, which agreed with the 
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that more violent accelerations were recorded at the ends than at the 
centre of the bogie-frame. Both the phase-relationship and the relative 
amplitudes of the axle motions were very uncertain, however, and they 
seemed to be constantly disturbed, probably by track-irregularities and 
by the action of the flanges. 

~ With the second set of worn tires, a run was made with all the standard 
axlebox clearances doubled. There was no decided change in the violence 
of hunting, but the wave-length was slightly reduced. The standard 
clearances are ample to allow unworn wheels to perform their individual 
oscillations, but they may interfere slightly when the wave-length is much 
reduced by wear ; also, the axles may not naturally centre in the available 
clearances. The records of the “ Bowden wire instrument suggest some 
interference. 

An attempt was made to damp out the bogie-wave, by giving the axles 
no angular play and resisting their end play, a device which had been 
suggested by calculation and had proved effective with the model. Four 
special axleboxes were made. Distance-pieces, each consisting of two 
38-inch by 1}-inch channels riveted back to back, were bolted on to the 
faces of the two axleboxes on each side, as shown in Fig. 19 (facing p. 227). 
‘The journals had no end play in the brasses, which were rigidly held in 
the axleboxes. The axles had therefore to remain parallel, and could only 
traverse across each other by bending the distance-pieces. The standard 
axlebox clearances were given. 

_ With the second set of worn tires, this arrangement raised the speed 
+ which hunting usually started from about 40 to about 50 miles per 
nour. On the other hand, once hunting did start, rather more movement 
reached the body of the coach, perhaps because, the axles being always 
parallel, their oscillations were nearly in phase. On the whole, there was 


no real improvement. 
. 2 : 


CONCLUSIONS. 


A single axle, with a pair of coned wheels, wanders along the track in 
, sine-curve whose wave-length depends on the gauge, the wheel-diameter, 
‘and the coning angle. For the sizes of wheels commonly used on vehicles 
and bogies, this wave-length is between 50 and 60 feet. At speed the 
lateral motion builds up, and the amplitude of each oscillation exceeds 
hat of its predecessor by a fraction which varies directly as the square 
of the speed and inversely as the wave-length of the motion. With use, 
“the tires wear hollow, until they nearly fit the surfaces of the rails; this 
cons the wave-length of the motion and therefore increases the rate at 
which the amplitude builds up at speed. 

n vehicles and bogies the various clearances given in practice allow 
axles to perform their individual sine-curves ; the wave-length of the 
ion of a vehicle or bogie is therefore that of the individual axles. At 


// 
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low speed there is some damping from the axlebox suspensions, but a 
high speed with worn tires this is overcome, and the oscillation becomes 
violent. 

The Author has not properly investigated the action of the toes 
he hopes to do this some day with a model. In the full-size main-li 
experiments, with new tires the wave-length agreed well with the calcula 
tions based on the coning only. When the wave-length was shortened 
by tire-wear and hunting began, the flanges must have had an importan 
effect on the motion. 

Since coning, modified by wear, is the root of the trouble, the obvious 
cure is to use cylindrical tires ; all centering action would then be lost, 
and the wheels would wander at random, checked only by their flanges.i 
Coning has, however, two advantages which would also be lost: it aw > 


Fig. 20. 


PROFILE OF ComposiTE Contna. 


matically takes up small differences in wheel-diameter by displacing the | 
centre-line of the motion, and it deals with gentle curves in the same way; 
in both cases cylindrical wheels would be thrown against one flange an¢ 
creep or slip would take place at the wheel-treads. | 

The Author has seen it stated that about 60 years ago cylindrical 
tires were adopted on the Vienna-Salzburg line, but that after continuot 
trouble, with flanges and with creeping rails on curves, the experiment was 
abandoned. Cylindrical tires are now being tried again, on high-speed - 
trains, both in Great Britain and in the United States. 

Coning, with a moderate amount of centering action as heavily damped 
as possible, seems to be the ideal. The trouble is that, with wear, the 
centering action becomes excessive. There is surely no way of preventing 
tires and rails wearing to fit one another. The tires of passenger vehicles 
are sometimes turned to the composite profile shown in Fig. 20, in order 
to increase the amount of wear necessary to make them fit the rails, Tf 
this composite coning were universally adopted, the profile of the rail- 
surface would presumably change, becoming flatter or even hollow; the 
initial rail-profile is almost immaterial, as it is so soon worn away. Partial 
adoption of composite coning gives relief to the favoured wheels, but the 
rail-profile must be slightly modified, to the disadvantage of all others, — 
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At the Author’s suggestion, special brake-blocks with a circumferential 
slot were tried, so that brake-wear was concentrated at the inner and 
outer edges of the tires, where little running wear occurs. It was hoped 
that every application of the brakes would then do something to machine 
up the tires and retain the proper profile. The result was disappointing ; 
it suggested that instead of wearing down the unwanted parts, the 
brake-blocks deposited metal upon them ! 

- Much time was spent with the model in trying to damp out the oscilla- 
tion. Two devices seemed effective: the reduction of the axlebox-plays 
to very small amounts, and giving the axles end play only, suitably resisted. 
The first was not practical, and the second was tried on a full-size bogie but 
without marked success. 

_~ There remains the possibility of revolutionary design, such as a bogie 
having independently-rotating wheels. Here the question of price arises ; 
the conventional design is cheap, and added life before the tires need re- 
turning is only worth a limited extra cost. 

~The Author has not found a solution to the problem ; perhaps the data 
which he has amassed will help someone else to do so. 

- For bogie vehicles, the model-experiments and the analysis suggest 
that :— 

(i) The ratio of the mass of the bogies to the mass of the body should 
be as low as possible; the mass of the body increases wheel-adhesion, 
whilst at high speeds its lateral accelerations are out of phase with those 
the bogies. 

(ii) The critical speed should be as low as possible. This means a low 
natural frequency of oscillation of the coach, and therefore weak lateral 
control by the suspension of the coach from the bogies. If this control is 
too weak, the coach will hit the stops on the bogies too often ; the practical 
limit in this direction may already have been reached. 

(iii) Moderate damping in the coach suspension is desirable. ‘The 
amount provided in practice seems adequate, as there is no sign of an 
uncomfortable critical speed. 

The Paper is accompanied by twenty-one diagrams and seven photo- 
gs aphs, from some of which the Figures in the text and Appendixes, and 
‘the half-tone page-plate, have been prepared, and by the following 
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APPENDIX I. 


A Srveve Axte anp Pam or Conzp WHEELS MOvING UNCONSTRAINED, 


_— 
Fave On the diagrammatic plan in Fig. 21, EF and LH are the inner edges of the rails 
os with which the wheels make contact at Aand B. OX is the centre-line of the ti 
> and G, the centre of the axle, is at (x, y). The planes of the wheels make an a ngle | 
: with OX; y and ¢ are small. : : 
Let the dimensions be: gauge 2b; mean wheel-radius r; tangent of the con 
; angle of the tires 7’ ; total mass 2M, giving equal wheel-loads Mg; moment of ir 
< of the wheels and axle about a vertical axis through G, 2Mk*; speed V, assumec 
“4 constant. 
4 If D is written for af, then Sisk VAD : 
dx’ di? ; 


Fig. 21. 


Let the longitudinal and lateral creepages be 0,, 6,, and i ica 
positive in the senses shown. The corresponding Src Hokie aarp ul 
_ MgK60,, ete., in the opposite senses, aan 

Since the wheels are rigidly connected, $,= ¢, = ¢, say. . 
_ Assume that the wheels and axle are propelled by a horizontal force thro 
_ parallel to the rails. Since the effective radii of the wheels cannot differ in , 
by more than 1 part in 400, then by moments about the axle, with sufficient 
MgK0, = MgK0,, or 0, = 0, = 0, say. 


Resolving laterally, 


ib 


outy + 2MgK$ = 0, | 


K : 
‘3 = uand Z — Dy, 
Dy + ug = 0 


bo 
cu 
co 
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_ By moments in a horizontal plane, 
2Mke S : a Y + 2bMgK0 = 0, 
ees Rete feiss oi oda s oo) ae 


“ “By geometry, 

dy = de + $ de, 

yee eee ana ela vis) sete) (3) 
_ Also by geometry, since the effective radii of the wheels are (r +- 7'y) and (r — T'y), 


2b.dys = 20.dx — 2Ty - or writing 5 =e, 


0 : 
Dis = d Sea ar inane Oh) SAN eS nS Sees (4) 
y! ’ 2 
Z pPinally, eliminating 0, ¢ and ys from equations (1)-(4), and writing p = = 
[pD* + (1+ p)uD? + wD? + wat]y=0. .... . (5) 


his is the general equation for a single axle. 
iif V is small, wu is great, and the equation becomes 


0 ea SS | ie |) 


Phis crawl-equation for a single axle is well known; it represents a sine-curve of 


fort Pus amplitude and of wave-length L = - = a) i or 10-92 feet for the 


i - For moderate values of V, the approximate solution of (5) for the motion which 
persists is 

a 2 

y = Ae? sin ax, where q = 5- (1 at) ark cll thea WO) 
The wave-length is therefore unchanged, but the amplitude of each half oscillation 


is ae (a -b 38 times that of its predecessor. Taking p as unity (& = 6), which 


og 2 
annot be far out, this “ building-up ’’ factor becomes (1 + = i ah or(1-+-0:00036 V *) 


o the model, taking K as 155 and measuring V in feet per second. 
For the model, equation (7) should be an accurate enough solution of equation (5) 
for speeds below about 25 feet per second; above that speed the whole snakysts fails, 


since, in all but the smallest oscillations, 4 exceeds 0-05, and K is therefore no longer 


; APPENDIX II. 
a “Axumnox AND BEARING CLEARANCES IN A FOUR-WHEELED VEHICLE OR Boats. 
4 Axlebox and bearing clearances impose definite limits on the individual motions: 


Rel fare to the frame, let each axle have an angular play (in plan) of --B, ‘and an 
ay (in anne direction of its length) of +5. Both B and 6 are made up of the lige 


? 


/ 
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of the axleboxes in their guides and of the journals in their bearings, Call the wheel 
base 2c, and put >. y; then f and y are both angles. Assume that, in their midg 


positions, the axles are parallel and in track. In the diagrammatic plan in Fig. 22 
the centre of the front axle is at (x,, y,) and the front wheels make an angle y, wit 
OX (the centre-line of the track) ; the corresponding quantities for the back axle are 
2, Yo, and wy. G(x, y) is the centre of the line joining (x,,y,) and (2, Ys). ‘he ¢ 
values of ¥;, Y2, #1, and y#, are all small. 

Suppose that y, and y, are fixed, and consider the limitations on y, and ¥. I 
there were no plays then y, = y, — 2c; but the angular play, +8, of the frame on 
the front axle gives y, a freedom of +2cf, and the end plays of the axles a fw 
freedom of +28 = + 2cy. The condition for y, is, therefore, 


ly: — ¥2 — 2ep|<2e(B+y) ....-.- . + + BRI 


" tr soem sersceee- 20 -- eens eeee= 


Cay zs ( 
fy) —— »-+$+ SH) — 
5 « tahiceingiartaiaebaant ——. Centre-line of track 
x 
te ul 


Let the longitudinal axis of the frame make an angle y’ with OX ; then y’ is subje 
to two conditions, : 


\y — =e <y, and |W’ — dal<B 
but y, is subject to the condition |y’ — y.|<B, 
‘whence Iva — Ys — 2py<oB+y), ... . 2... Oe 
and lv, — Y.|< 28 8 tg gs Sy ee 


With sufficient accuracy, at moderate speeds, it may be assumed that the individual 
axle motions are given by equation (6) ; hence in terms of x, not of x, and a, 


¥, = A, sin az, 
Yq = Ag sin (ax + B), 


= Wh = aA, cos ax, 


ry = M2 = aA. goos (ax + B), 


where A,, Ag, and Bare arbitrary, subject to conditions (8), ( 

these values in conditions (8) and (9), “ae aches ca si 

|A,sin ax — A, sin (ax + B) — 2acA, cos ax|<2c(B +-y), . . . (11) % 

and [41 sin ax — A, sin (ax + B) — 2acd, cos (ax + B)|<2c(B + y). . (12) 
. 
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If the left-hand sides of conditions (11) and (12) are represented by vectors, then, 
as conditions of no interference throughout the cycle, 


A,V (m3? + h? — 2mh cos (B+ F)}<2c(B +-y), . . . ~ (13) 
and A,V (m®h® + 1 — 2mh cos (B+ F)}<2c(B+y), - - - ~ (14) 
yhere m? = 1 -+ 4a%c? and tan F = 2ac, dimensionless constants of the vehicle, and 


ee 
Further, if A’ is the greater of the two amplitudes A, and A,, and n(<1) is 
their ratio, conditions (13) and (14) can be reduced to a single condition for no inter- 
ference, 

cao 1 2c 

fe eae Sen ate wee ae 
V {m? +- n? — 2mn cos (B + F)} 

_~ Now if 4 is the amplitude of the motion of G, then 

2A = A VA (1 + n? + 2n cos B); so, substituting for A’ in condition (15), 

and 1 + n? + 2n cos B ; 

y Bs olB ck Dal a ++ n®? — 2mn cos (B + F) ities 


—- 
& 


Returning to condition (10), substituting for %, and #., and proceeding as before, 


Pleas 2p hae cet ee ee 9) 
ar/(I + n? — 2n cos B) 
B | 1 + n? + 2n cos B 

AK 3 {Tat oe oe B pas sae) Rina! 


Provided that A is within the limits fixed by conditions (16) and (18), the axles 
are free throughout the cycle from positive constraint on their individual motions ; 
the limit fixed by condition (16) is usually the lower. It is shown in Appendix ITI (D) 


A'<2-9o(8 + y) and <O-73LB, .- . ++ + (19) 
A<2-8c(B + y) and <O-72LB . . . + + + (20) 


c their values for the model, the conditions for A become 
A<32-5 (B + y) inches and <94f inches ete (0) 


. It will be remembered that, strictly, A refers to the motion of G, the mid-point of 
the line joining the centres of the axles, not to the motion of the centre of the frame. 
‘The first condition of (21), which is usually the limiting one, assumes that the end 
Pp ays 6 are fully used, so under this condition the frame has no further lateral freedom 
‘yelative toG. If p is small and y large, the second condition of (21) operates, and the 
centre of the frame has freedom to wander to either side of G, but this case has little 
ractical importance, and A may be taken as referring to the centre of the frame— 


‘Finally, giving L and 


iF ‘ 
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APPENDIX III. 
Four-WHEELED VEHICLE WITH Exastic AxLE SUSPENSIONS, AT A CRAWL. 


Suppose that the clearances are sufficient to avoid any positive constraint of the 
axles, but that the movements of the axles relative to the frame are resisted by elasti 
suspensions. Assume that the wheel-loads are equal. 

On the diagrammatic plan in Fig. 23, the centre of the front axle is at (#,, y,) and 
the front wheels make an angle ys, with OX, the centre-line of the track. The corre 
sponding quantities for the back axle are x2, y., and %,. The line joining (x, ys) 
and (a, ¥2) makes an angle 4 with OX, and its centre G is at (x, y). 
So ee ee 
and Y. — Ya = 20h. « be we © . (23) 

Since creepages are proportional to forces, they are subject to the ordinary con- 
ditions of equilibrium. Let longitudinal creepages (@) and lateral creepages (¢) be 
taken as positive in the senses of the arrows in Fig. 23 ; then, by moments for each 


Fig. 23. 


axle, and by moments and resolution for the whole vehicle, they will be related as 
shown in Fig. 23, and 


00; + 0) ee Sof SS le oe) 
By geometry, writing D for cy | 
Dy, = $=) | 6 a) le evel Qa 

Dyp Vg ds + ye ss ot ee 

oDp, = 6,— bay, Loe. . Rete 

DD iba Oy — Baty se ss oo oe 


Let the 4 equilibrium ”’ position of an axle relative to the frame be defined as the 
position which the suspension tends to make it take up. Let the axis of the frame be 
defined as the line joining the centres of the axles in their equilibrium positions. Let 


these equilibrium positions make angles ( 4 + a) and ( 5 + G } respectively with the 
axis of the frame. In their equilibrium positions the axles will then be out of pa ; e 
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_ by an angle (x; — «,) = 2a, say, converging in the positive direction of OY if « is 
"positive ; they will be out of track by a distance 2c tts = 2cn, say, the front axle 
being displaced in the negative direction of OY. 
a Let it be assumed that the suspensions of the two axles are similar, and that any 
displacement of an axle from its equilibrium position relative to the frame causes, 
- Owing to the elasticity of the suspensions, restoring forces on the axle, and therefore 
7 ~ creepages by the wheels, proportional to that displacement. If the centre of an axle 
_is displaced a distance z laterally off the axis of the frame, let the restoring creepage 
be Sz. Ifan axle is displaced through an angle ¢ from its equilibrium position relative 
Be the frame, let the restoring longitudinal creepage of each wheel be sbé. 

Since there can be no lateral force on the frame, the lateral displacements of the 
axles relative to the frame must be equal and opposite, from which it follows that the 
axis of the frame always passes through G, which may therefore be regarded as the 
| centre of the frame. 

Resolving laterally for either axle, 


Cee ea ss. . Py eee 


The equilibrigm position of the front axle makes with OY an angle (v + oy — *), 
0, = 3 ¥—v, —2 +01) Ee erie 
‘Similarly, ; C= iy — %, — : + =) eta: o. smheo te (30) 
P Solving eases (22)-(31) for y, and writing 55 ~==f, 


[(fS + 9)D4 + 8 (2f + 1)8 + 9)D* + {2a%fS + 8) + (f + 1)s*S}D" 
+ sa? {(2f + 1)8 + s}D + at(fS + 8) + a®s?S]y 


=fa?aSn + for; . Pare eS ee hi mane re gm Fe ae mas fy) 


v=[C +B) oe 0+(! 7s) |y- | ae ae a ® 


Some particular cases side. Be examined. 


If the suspensions exercise no control over the angular motions of the axles, then 
_s=0. Then, whatever the value of S, equation (32) becomes (D? + a?)?y = 0, or for 
?~ ractical purposes y = A sin ax. This is the Ae forasingleaxle. Equation (33) 


Pethcaghout the cycle, if there are no axlebox or bearing clearances, and during 
_ part of any cycle in which the conditions of Appendix II are exceeded, s and S are 
very great, and equation (33) becomes Dy= + . - ee (34) 

represents a crabwise motion due to the axles eit eat of track, if n#0. 


ee yahoo Git Oe fee) 


- 


// 
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distinction from the “* ‘ short” wave of a free axle. hg axles being 2q out of pa allel 


#70 4 
the axis of motion is displaced © f. al Ts — = in the direction of their oon 


or 24-42 feet. 

The motion of a rigid four-wheeled vehicle can also be calculated on the assumpt * 
of solid-body friction between wheels and rails. The result is practically the same as 
that obtained here on the assumption of elastic creepage. 4 


Fig. 24. 


Primary 
Secondary wave-length 
wave-length, 


20 


Primary-wave 
damping factor 


WAVE-LENGTH: FEET. 
DAMPING FACTOR. 


Secondary-wave 
damping factor 


ry FR) 
S: (Feer)-' 


(C).—Effect of varying the stiffness of the suspensions. 
First, let the axles have angular freedom only, so that S is infinite. 'Then, assuming 
a = 0 and » = 0 for simplicity, equation (32) becomes 


— LSD* + (2f + V)sD® + {2fa® + (f + 1)8*}D* 
+ (2f + 1) sa2D + fat + stay = Ow, “(38 


The curves in Fig. 24 were obtained by giving f and a their values for the model - 
and solving equation (36) numerically for various values of s. They show the relatior 
between the suspension-stiffness s, the wave-length, and the damping factor, the last 
being the ratio of the amplitudes of successive half-oscillations. If s is small there are 
two waves: the secondary, specified by the dotted curves, is more heavily damped than 
the primary. As s increases, the primary wave-length gradually changes from short 
to long. 

Next, let the axles have both lateral and angular freedom, and let S = 2-252, 
which is about the ratio of the quantities in the model. Then proceeding as before, 
curves are obtained which differ only very slightly from those in Fig. .24.. 

If ¢ and § for the model depend only on the inclinations of the swing-links, their 
values are about 0-015 and 0-033 (feet)—* reeneotvely, Fig, 24 shows that these are 5 
are too small to cause much damping. ’ 
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2 _ Finally, let the axles have end (lateral) play only. Then s is infinite and equation 
(82) becomes 

7s 

al [D3 + (f+ 1)8D2 + a2D + atsly = 1S. A. ne 


If S is less than about 0-05 (feet), a sufficiently accurate solution is 


e Sx fa 


te sin ax + Be~"™ + mr 


y = Ae 


‘Fig. 25. 


Damping factor, 


WAVE-LENGTH: FEET. 
DAMPING FACTOR. 


0-25 
S : (FEET) 


Bicwing that the oscillation is damped and that, if the axles are not parallel, the axis 
of motion is displaced, just as with a rigid vehicle. More exactly, inserting figures for 
_ the model in equation (37), and solving for a series of values of S, the curves in Fig. 25 

obtained. ‘As S is increased, the wave-length changes from short to long; when 


8 ‘is about 0- -17 (feet)-! the damping is very heavy. 


From equuptions (22) and (23), . 
Yee | APO Sv. pe (8B) 


nd. De a Ob ort ah lil we iu i eee 


rom equation (33), putting 7 = 0 for simplicity, 

p= by +(j + py Dt bay ee) 

t th of angular play only (S infinite), and assume that s is less than 
mat 2 gnats Sas dene solution of equation (36) for the model, the ae 


rave is approximately y = Ae 080587 sin ax . . Fad eg ete Seat 
hen, with sufficient accuracy, after the pre rontuties of he secondary wave, which 
sh more ees ss be than the primary, equations (38)-(41) give = vector- 


I} 
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diagram in Fig. 26. This shows that the axle motions tend to equality in amplitude 
with the front axle leading in phase by 25 degrees. 


Fig. 26. 


The assumption that S = 2-25s, still being less than 0-05 (feet)—", leads to a vecta 
diagram which is almost identical. 


’ 


APPENDIX IV. 
FouR-WHEELED VEHICLE AT SPEED. 


At speed dynamic effects must be considered, and the analysis is therefore moré | 
complicated. 
If the axles have lateral and angular freedom, the initial values of twelve quantities 
are independently arbitrary. These quantities are the lateral and angular displace- 
ments and velocities of both axles and of the frame. The equation of motion is 
therefore of the twelfth order ; closely written, it fills a quarto page. In view of the 
assumptions which must be made regarding the nature of the axle suspensions, such — 
laborious mathematics are not justified. . % 
’ Fortunately there is a particular case which is easily solved owing to its symme , 
and which shows well enough the character of the motion. Suppose that the axles _ 
have unresistéd angular, but no lateral, freedom. rea 
In the diagrammatic plan in Fig. 27, the centre of the front axle is at (ais He 
and the planes of the front wheels make an angle #, with OX, the centre-line of the track. 
the corresponding quantities for the back axle are x, y,,and 4. The line joining (2, y 
and (, y,) is fixed to the frame and makes an angle % with OX ;_ its centre G (z, y) is 
a point fixed to the frame. The creepages 6,, 0), ¢,, and ¢, are assumed positive ir 
the senses shown. The wheelbase, gauge, and other dimensions are as before. The 
total mass of the vehicle is 4M, giving equal wheel-loads Mg; the moment of inertia 
of an axle and pair of wheels about a vertical axis through the centre of the axle is 


* M'k* gK — 
2M’k?, Let p = s7pq and u = pr tee 
Then for the front axle, : 
hy geometry eee Dy, + ay, = NS 
and by moments poDf, +ud,=0. r : 
Eliminating 0,, (pD* + uD), + uaty, =0. eS (42) 
Similarly, for the back axle (pD* + Dy + way =O. . 5. . (43) 
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| From equations (42) and (43), since y, + y, = 2y, 


; (pD* + uD)(p, + $2) + Qua4y=0. . . . (44) 
__ For the whole vehicle, 
ty geometry 2Dy = (i) + oe) + (¢. +42), » » . « . « (45)% 
and resolving laterally, 2D?y + u(d, + ¢,) = 0 me Be ts ys” (48) 
Fig. 27, 


[pD* + (1 + p)uD? + w2D? + utatly = 0 (23) 


1 his is equation (5) over again, except that p stands for a different ratio, so that the 
proximate solution for moderate speeds is. 

a Pa ‘ 
y = Ae®™ sin ax, where ¢ = ee. 


e e wave-length L is ines and the amplitude of each half oscillation is approxi- 


a 
ately {i + padten | times that of its predecessor. For the model, this Ee 
factor is (1 + 0-00024V 2), where: V is measured in feet per second. 
The equation of motion of any point on the frame other than G is of the eighth 
‘der, and the wheel-base and the radius of gyration of the frame appear. This is to 
expected, since the lateral and angular displacements and velocities of the two 
les have independently arbitrary starting values. 


with full-scale experiments, was undertaken to study the manner in which 


if 
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“The Vertical Path of a Wheel Moving Along a 
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INTRODUCTION. 


Txis mathematical investigation, which has been carried out in conjunction 
the running of a pair of wheels and axle along a straight railway track is | 
affected by characteristics such as the elastic yielding of the ballast, the 
stiffness of the rail, the lack of continuity at a rail-joint, wheel-loads, and 
speed. For a continuous length of rail, the pronounced vertical oscilla 
tions which at certain critical speeds are induced when sleepers are uniformly 
pitched has been investigated, and, in studying the disturbances produced 
by rail-joints, the merits of long and short fishplates have been comparec 
The graphs by which the calculations are illustrated show the vertica 
movement of a wheel as it moves along the track, and, to study dynamit 
effects, the path of the wheel for each quality of ballast and each type of 
rail-joint has been computed for four different speeds, namely 0, 30, 60, 
and 90 miles per hour. 
Tn ascertaining the influence of ballast four different qualities have beer i 
considered, ranging from a ballast which is absolutely unyielding to on 
whose elastic compressibility i is abnormally great. 


t Correspondence on this Paper can. be accepted until the 15th June, 1939, 
—Seo. Inst. C.E. 
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To bring the problem within the scope of mathematical analysis, some 
preliminary process of idealization was essential. For instance, although 
not in exact agreement with reality, it has been assumed that the ballast 
yields in a truly elastic manner, the depression of a sleeper being directly 
proportional to the load the sleeper is called upon to support. Also, in 
studying the path of a wheel as it crosses a rail-joint, it has been assumed 
that the rail is supported by eight sleepers only, four on either side of the 
joint, the small fraction of the wheel-load which is transmitted to the 
sleepers yet more remote being disregarded as negligible in magnitude. 
Furthermore, when computing the paths of the wheel when moving at 
Yarious speeds, the inertia-effect of the rail has been neglected as small in 
en with the inertia-effect of the much more massive moving 
load. 

~ Throughout the calculations a uniform pitch of 30 inches has been taken 
for the sleepers along a continuous length of rail, but for the two sleepers 
on either side of a rail-joint the distance between centres is reduced to 
24 inches where a long fishplate is employed, and to 15 inches in the case 
of a short fishplate. 

_ The majority of the calculations refer to the British standard 95-lb.- 
per-yard bull-head rail, whose cross section has a moment of inertia of 
' 36 inch‘ units; for purposes of comparison, however, computations have 
been made in respect of a much stiffer hypothetical rail whose cross section 
has been assumed to have a moment of inertia of 72 inch* units. Fora 
rail-joint with an accurately-fitted long fishplate, it was found by experiment 
that the abrupt change in slope at the joint produced by a given bending 
“moment was the same as the total change in slope along a 24-inch length of 
‘continuous rail subjected to terminal bending moments of that same 
“magnitude. For a rail-joint with an accurately fitted short fishplate the 
corresponding. length was found ‘to be 66 inches. For the ballast, the 
connexion between 2R, the total weight on a sleeper measured in tons, and 
y the depression thus produced measured in inches, is assumed to be of 
the form R = py, and for the four types of ballast considered p has the 
values infinity, 250, 125 and 62-5. Of these p = 125 corresponds to a 
“pallast of normal elasticity ; p — 250 and p = 62:5 specify ballasts which 
are abnormally firm and abnormally yielding respectively, whilst p = 
finity gives the case where the sleepers are rigidly supported. 


Par or A WHEEL CRAWLING ALONG A ConrTInvous LENGTH OF Rat, 


a For determining the path of a wheel as it crawls slowly along a continu- 
“ous length of track the problem to be solved is set forth in Fig. 1 (p. Ba 
he equation giving the rail-deflection. from A to Biss —: 


py = Bia 4 Re dp 18 + Rafe — a + Rifa — 31}8 
= — Wie (a0 5 a)}3 — Rue — 3) 4 Be: = Re A 
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where c3 = = and terms inside { } brackets are omitted if they are 


negative in value. This expression for y satisfies the conditions R= Ya 
when « = 0, and R, = pyg when 2 =1, From the conditions Rg = py; 


Fig. 1. 


Cc B 


when x = 2l, Ry = pyg when x = 3/1, and R; = pys when x = 4l, Ry, 
R,, and Rg can be expressed in terms of Ry, R;, and W. By a precisely | 
similar process Rg, R;, and Ry can be expressed in terms of R; and Rg 
Then by stating the conditions of equilibrium for all the. vertical forces 
acting on the rail, two further equations are obtained, and from these 
R, and R; can be expressed in terms of W, and the corresponding values of 


Parn or WHEEL Movina sLowLy aLona a Continuous Rar (MoMENT oF 
Inertia OF Rait-Secrion 36 ryon* Unrrs, Loap per Ram 1 Ton). > 


Ry, Rs, Ry, Rg, Rz, and Rg then deduced. Having computed the eight 
sleeper-reactions, the deflection of the rail at the point where W is a plied 
can then be determined, and by this means the vertical path of the wheel 
as it moves slowly from C to B is ascertained. Ms 
The results of these calculations are summarized in Fig. 2, from whi 
it appears that the more yielding the ballast the less is the range of 
vertical movement of the wheel. Thus, whereas when the sleepers 
rigidly supported the range of movement is 0-000607W inch, with a s 
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_ ballast whose elastic characteristic is defined by p = 62-5 the corresponding 
-tange of vertical movement is reduced to 0-000174W inch. 


+. PAra or aA Wueet Movine Stowrty Across a Rait-Jornt. 


: 4 _ For determining the path of a wheel as it moves slowly across a rail- 
joint the problem to be solved is set forth in Fig. 3, Plate 1. The equation 
"giving the form of the rail from A to C has the same general form as before, 
namely : 


|= epy = Ria + Role — 09 + Role — 21}9 + By {x — 30} 
Wie — (21 + a)}8 [RC o8 Rood] = yee 


. 6EL 
where 3 Tp” and terms inside {} brackets are omitted if they are 


gative in value. This expression for y satisfies the conditions Ry = py, 
when. x = 0, and Ry = pyz when x = 1, and from the further conditions 
R; = pys when x = 2/, and Ry = py, when x = 3, R, and R, can be 
expressed in terms of Rs, Ry, and W. Similarly Rg and R, can be expressed 
in terms of Rgand R;. By stating the conditions of equilibrium for all the 
| vertical forces acting on the rail two more equations are obtained by 
which R3 and Rg can be expressed in terms of Ry, Rs, and W. Finally, Ry 
and R; are found by two equations stating (1) the condition that the 
deflection at C is the same for AC and BO, and (2) the relation connecting 
the bending moment with the discontinuity of slope at C. The results of 
these somewhat laborious and lengthy calculations are illustrated by Figs. 4, 
Plate1, and it will be seen that the more yielding the ballast the greater is 
the depth of the “ pot-hole ” into which a wheel will descend at low speed. 
Thus, whereas with sleepers rigidly supported the depth of the pot-hole is 
only 0-000901W inch or 0-000465W inch with long or short fishplates 
“respectively, the corresponding figures with a yielding ballast (p = 62:5) 
are increased to 0-001808W inch and 0-001870W inch. It has already been 
ex that for movement along a continuous length of track this comparison 
of merits is reversed, and that it is the softest ballast which gives the least 
“range in the vertical movement of a wheel as it passes slowly along the rail. 


. ADVANTAGES OF A STIFFER RalIL. 


z. By the use of a stiffer rail a reduction can be achieved both in the range 
of the vertical movement of a wheel moving slowly along a continuous 
length of rail, and in the depth of the pot-hole it creates at a rail-joint. This 
ct.is made evident by Figs. 5 (p. 266), which compares the wheel-paths for 
‘o rails whose cross sections have moments of inertia of 36 inch* units and 
neh‘ units, the ballast-characteristic in both cases having the normal 
e p = 125. It will be seen that for a continuous length of rail the _ 
ession: of a sleeper as a wheel passes slowly across it is diminished by. 


Lis 


_ to be seen how far the advantages of a stiffer rail are maintained when t he 


266 INGLIS ON THE VERTICAL PATH OF A WHEEL 


nearly 16 per cent. as the result of using a stiffer rail, and that the range of 

vertical movement of the wheel is reduced to the very small value of 
0-000087W inch. With the stiffer rail, the depth of the hollow created by a 
wheel as it crosses a rail-joint is 0-000904W inch with a long fishplate and 
0-000990W inch with a short fishplate, both of which values show a con- - 
siderable improvement over the corresponding figures for the weaker rail. 
The foregoing results, however, only relate to “crawl” speeds, and it remains | 


- 


ig 


—— 


i——=----._____ 


~~ a ee ee == 


>= 


nn 


ES = 


Figs. 5. 


0.000806 in: 


‘Wurst 1 Tox). 


” 


WHEEL MOVING SLOWLY ALONG A CONTINUOUS RAIL. 
” “ “oo” ” ” ” 
In both cases the ballast-characteristic is given by p = 125 


_ WHEEL MOVING SLOWLY OVER A SHORT-FISHPLATE RAIL-JOINT. 
Full-line curves givé-paths for a rail whose sectional moment of inertia is 36 inch* units 


WHEEL MOVING SLOWLY OVER A LONG-FISHPLATE RAIL-JOINT. 
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dynamic effects of speed are taken into account, . reer 
3 3s) Ziged | awe 


Dynamic Errrcrs ON THE PATH OF A WHEEL MOVING ALONG A ContTINUO us 
Lenora or TRACK, Vs i 

If a pair of wheels and axle standing on a railway track is depres 
below its level of statical equilibrium and is then released, it will per 


a 


°@ 
"vertical oscillations, and the frequency of these oscillations will depend on 
the mass of the pair of wheels and axle and the elasticity of the ballast and 
the rail. Usually the elastic yield of the ballast is so great in comparison 
with the deflection of the rail that the frequency of the vertical oscillations 
_ of a pair of wheels and axle is almost independent of its position, and it 
makes very little difference whether the load is directly over a sleeper or is 
situated in a midway position. As a wheel moves along a continuous 
length of track, however, fluctuations of rail-pressure must occur each 
' time a sleeper is traversed, and, if these pressure-variations synchronize 
with the natural frequency of vertical oscillations, resonance will be 
established and the consequent vertical oscillations in the wheel and the 
_ track may become objectionably violent. The nature of the problem is 
_ more precisely set forth in Fig. 6. 
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ae < ; Fig. 6. 
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" defined by 2, the static deflection yp produced by this weight is given by 
be ; 4 


of 


Yo = 4 (: — pcos = . Lety be the extra deflection when the speed is », 
if eee 

and let the damping resistance for vertical motion be Ke (y+ Yo). The 
ee 5 ? ‘ a . 
~ equation for the vertical movement of m is 


dy | Kdy | (M+ my Kdyy  @yo 
1. 49S ee aa ae a 
aT ad dt myo m dt t 


4 ‘Since yo = o(1 nd p cos) = a(1 — pcos 2t), where 2= om then 


: @ pod ; 
= apQ sin Qt and _ =ap Q2c0s Qt, Also wire (1 — pcos Qt) 3 


Vi 


_ As the load approaches a support its frequency becomes indefinitely high, 
_ and this extreme variation in natural frequency has the advantage of giving 
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M+mq 
n 


K ! : es 
Hence,. writing wy = = and wo? = vat the equation for the : 
v 


vertical motion of m takes the form 


- . 
| “ Fa : + wo?y = — apQ[wgsin Qt + Q cos 24] 
— ype cos Qt. 


The final term on the right-hand side of the above equation is usually 
of minor importance, and in obtaining the first approximation of y it may 
be neglected. This first-approximation value of y is then substituted in- 
the term — ypwo? cos Qt, and the solution of the differential equation thus" 
constituted gives the second-approximation value of y. By repeating this _ 
process y can be determined to any degree of accuracy ; in any particula 
case, however, the second approximation for y is almost always suflicient 
accurate. / 

The results of applying this method are given in Fig. 7. For the 
wheel-paths plotted, the unsprung mass of a pair of wheels and axle has 
been taken as 1-8 ton, and the spring-borne load has been assumed to- 
exert a constant downward force of 10’tons. A damping factor of $ 
has been taken ; in other words, it is assumed that free vertical oscillations — 
die down in a geometric progression whose common ratio is one-half. 

The salient points which emerge are set forth in Table I. 


TABLE I. 
| 62-5 125 5 
2 = - = = 250 
Type of ballast: P sof! “ig Coonaais: ‘nara. 
Resonance speed : miles per hour . | 63-8 ) 82-6 106-6 
Range of wheel movement: inch . | 0-0048 ) 0-0066 ) 0-0083 
Maximum acceleration of wheel | 0-329 | 0-839 | 1-689 


_ When the sleepers are rigidly supported, the natural frequency for 
vertical oscillations depend very much on the actual position of the load 


+ 


immunity from resonance. Thus in its passage along a rail, if a wheel 
when midway between two sleepers has somehow or other acquired a free 
oscillation, then as the wheel approaches a sleeper this free oscillation will 
become higher and higher in frequency ‘and ‘less and less in amplitude, 
until by the time the wheel has actually reached the point of support all 
its energy will have passed into the rail. If the rail, in addition to bei 
rigidly supported at the sleepers, can also be regarded as encastered the: 
the energy put into any one bay of the rail will not be transmitted to t 
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“next. Thus each time the wheel passes over a slee 


per it is completely 
; such kinetic energy as it may have 


ng its passage from one sleeper to the next it leaves behind, 
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resonance, which consists of the progressive building up of energy, 
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the wheel at 90 m.p.h. and at a “crawl” speed are barely distinguishak 
from each other. . re 


ComparaATIVE Merits oF Harp AND Sorr BALLAsT FOR ConTINvoUS: 


TRACK. 

Leaving out of consideration the abnormal case of vigilly- a 
sleepers, the comparative merits of hard and soft ballasts are somewh 
conflicting. A soft ballast at most speeds will give less up-and-down’ 
motion to a wheel and less vertical acceleration, but there is one critical 
speed at which the undulatory movement will be considerably amplified, 
and when the ballast is more than ordinarily compressible, say p = 62:5, , 
this critical speed is well within the normal practicable range. On t 
other hand, with an exceptionally incompressible ballast, say p = 250, 
although the general smoothness of running will not be so good as that 
given by a soft ballast, the critical speed at which vertical movement wi 
be particularly accentuated is so high that it will seldom, if ever, be 
attained under normal working conditions. 


ADVANTAGES OF A STIFFER Ratt IN Continvous TRACK. 


For a continuous length of rail, both an all-round improvement in the 
general smoothness of running, and the raising of the critical speed to an 
exceptionally high figure, can be achieved by using a stiffer rail. This ii 
made apparent in Fig. 8, which gives the path of a wheel along a stiffe 
rail (moment of inertia 72 inch‘ units), and contrasts it with the path of” 
the same wheel along the standard rail (moment of inertia 36 inch* units), 
the compressibility of the ballast (p = 125) being the same in each case. | 

The salient points which emerge are set forth in Table I. 


Tasie II. 


Standard rail: I = 36 inch‘ units. Stiffer rail: I = 72 inch* units, 


Speeds. miles {Range of move-| 4 oeeleration. 


8 : miles me 
ment: inch, es Range of move 


ment: inch. 


Crawl 0-0014 0-0005 
30 0-0015 0-0005 
60 0-009 
90 
‘Critical speed 


82-6 
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-elaim an all-round advantage. The critical speed is raised from 82:6 
‘to 90-2 miles per hour, and, even at this enhanced speed, the amplitude 


and the acceleration of the vertical motion stimulated thereby are con- 
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: ably ie than those induced by the lower critical speed associated — 
h the standard rail. At the lower speeds of 60 and 30 miles per hour the 
ons in the amplitude and acceleration of the vertical movement of 
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the wheel are even more pronounced. A further merit which can be 
claimed by the stiffer rail is that it distributes the load more evenly am ‘ 
the sleepers, and consequently a reduction in the pounding to which tl ee 
ballast is subjected may be expected. 


Dynamic Errects at A Rat-JoINt. 


The general nature of these dynamic effects is indicated by Fig. 9 
The curve AgByD, shows the path of a wheel as it moves slowly across ai 
rail-joint. When travelling at speed, if the wheel followed this same pathi 
_ then for the portion AgBp, as well as for the portion BoDg, since both of these 
have their concavities facing downwards, the wheel will have a downward) 
acceleration. This downward acceleration reduces the rail-pressure, and 


Fig. 9. 


LTESTR SK; 


consequently instead of following the curve AgBoDo, the wheel-path will be 
raised to a new formation A,B,D,, which can be calculated by a pro os 
described later on. This modified wheel-path, however, requires a ye 
more drastic rectification. At speed, the abrupt change in slope at E 
would necessitate an abrupt change in the vertical velocity of the whee 
and such a discontinuity in velocity is quite impossible. To presery 
continuity in the slope of the wheel-path as it crosses the rail-joint, a fre 
oscillation is brought into existence, and, after passing the joint, the whee 
path is along the curve B,C, a free oscillation, whose frequency can 
determined, being superposed on the curve B,D, in such & way that. 
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discontinuity at B, between the slopes of curves A,B, and B,D, is entirely 
smoothed away. 

_ The frequency of this superposed free oscillation depends upon the 

elasticity of the track and upon the magnitude of the unsprung part of 
the moving load, but not on its speed. In consequence the dimension 
‘@ shown in Fig. 9, which defines the position of maximum wheel: 
descent, approximating as it does to the distance covered in a quarter- 
period of a free oscillation, will increase very nearly in proportion to the 
velocity. 
e _ If now the speed is increased, the wheel-path will take a new formation 
A2B.C2, as indicated in Fig. 9. For the case shown, raising the speed 
has reduced the depth of the pot-hole into which the wheel descends, and, 
as the speed is yet further increased, the hollow into which the wheel- 
descends will become shallower in depth and more extended in length. 
Fig. 9 clearly indicates that for some speed, certainly below that which 
gives the path A,B,Co, and possibly even below that which gives the path 
A,B,C, there is a particular speed for which the wheel-descent is a 
Maximum, and that for higher speeds rail-joint impact becomes pro- 
gressively less objectionable. 

_ In Figs. 10, Plate 1, a number of wheel-paths for various joints, ballasts, 
and speeds have been plotted, and from these it appears that the critical 
speed which gives the maximum wheel-descent for any particular case is 
by no means sharply defined. The descent of a wheel as it passes over 
any particular rail-joint varies but little for a considerable range of speed, 
although ultimately as the speed increases the hollow into which the wheel 
descends will become progressively less pronounced. 
= The wheel-paths recorded in Figs. 10, Plate 1, show that, whereas 
the depth of the pot-hole into which a wheel descends immediately after 
crossing a rail-joint decreases as the ballast is made more unyielding, the 
sides of the pot-hole become steeper, and this steepness produces high 
vertical accelerations. Thus for a really soft ballast (p = 62-5), the 

aximum vertical acceleration of a wheel, whether it is crossing a rail- 
oint fitted with a long or with a short fishplate, will hardly exceed 2-59 
t any speed; but, with an incompressible ballast, although the vertical 
descent of the wheel is much reduced, the accelerations at high speeds 
lay mount up to as much as 10g, and perhaps even more. 
F 1g. 11 (p.274) indicates the method of calculating how much the crawl- 
ed path AgBoDy shown in F7g. 9 must be modified to take into account 
1e reduction in rail-pressure due to speed. 

Let M denote the spring-borne part of the moving load, and m the 
nsprung mass per rail. Suppose that the crawl-deflection under the 
ght (M + m)g is given by y = a — bax + cx? — da, 

If the speed is v and it is assumed that the wheel follows the 
_ path, its depth at time ¢ after passing the origin is given by 
— but + ev? — dv13, and the vertical acceleration when at a 
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distance x from the origin is v® [2c —6da]. The reduction in whee 
pressure is accordingly (2c — 6dx)mv, and the deflection under the load c 
which takes into account this reduction of pressure is given by 


] mev2 
y = (a—be + c2? — dad) f Ss mae ree 


Fig. 11. 


This may be regarded as the first approximation to the wheel-path | 
corrected for inertia, and, if it is not considered sufficiently accurate, iti 
can be used to determine a second approximation by a repetition of the 
above process. 


ADVANTAGES OF A StirFER Rar In Repvucine Ram-Jomr Impact. 


All the advantages of a yielding ballast, without any of its dis 
advantages, can be achieved by using a stiffer rail. This fact is reveale 1 
by Figs. 12, which give the paths of a wheel over joints in a stiffer rai 
(moment of inertia 72 inch units), and compare them with the correspond= 
ing paths for a standard rail (moment of inertia 36 inch* units), the 
compressibility of the ballast (p = 125) being the same in each case. 
From these curves, the results of which are set out in Table III (p. 276} 
it will be seen that a marked reduction in the wheel-descent is achieved 
at all speeds, and the curves recorded in Figs. 13 (p. 276) show that h 
stiffer rail has also a general beneficial effect in reducing the verti 
accelerations produced by a rail-joint. 

In the case of a short-fishplate joint the superiority of a stiffer rail i 
minimizing vertical accelerations disappears at high speeds, but with 
stiffer rail it is most unlikely that a short fishplate would be employed. 
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TasE III. 


Standard rail: I = 36 inch‘ units. Stiffer rail: I = 72 inch‘ units. 


Wheel-descent : inch. Wheel-descent : inch. 

Speed : miles 

Long fish- | Short fish- ae KE 
plate. plate. Pp 


Crawl 0-034 0-031 Crawl 0-028 0-026 


Speed: miles 
i pal Long fish- | Short fish 
late. plate. 


30 0-036 | 0-034 30 0-028 0-027 
60 0-037 | 0-033 60 0-028 0-028 
90 0-040 | 0-027 90 | 0-030 0-026 
Figs. 13 
49 


ACCELERATION. 
nN 


50 70 BO 90 
SPEED: MILES PER HOUR. 
LONG FISHPLATE, 


ACCELERATION. 
‘ 


SPEED: MILES PER HO 
SHORT FISHPLATE. 


c 
2 


kant’ §Spring-borne load 5:0 tons per rail 
Wheel 1089S} Unsprung » 09 ton * 
The full-line curves refer to a rail having a moment of inertia of 36 inch* units 
The dotted line .. ” * Ee Ares . 


Vertical ACCELERATION OF A WHEEL Crosstna A Ratt-Jort (p = 125), 


EXPERIMENTAL VERIFICATION OF THEORY. 


The foregoing conclusions, relating to the general effects produced by 
altering track-characteristics and the benefits which may thus be attaine¢ 
can only command confidence if the results which emerge from ana’ 
stand the test of experimental verification. In this case a systema 
experimental research, which has been carried out in conjunction with th 
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_ mathematical investigation, provides such evidence in abundant measure, 
and it is satisfactory to find that wherever theory and experiment can be 

compared they appear to be in most harmonious agreement. For instance, 
the theoretical conclusion that the vertical movements of a wheel due to 
‘sleeper action become increasingly noticeable at high speeds, whereas 
_those due to rail-joints tend to diminish, is clearly indicated both by 
‘yibrograph and accelerometer records. The theoretical computations in 
general lead to values of accelerations appreciably lower than the highest 
recorded by experiment, but this is to be expected, since the theoretical 
calculations relate to a rail which is in perfect condition, whereas the highest 
accelerations experimentally recorded are always associated with rail- 
joints having an unfavourable profile, resulting from permanent set. 
Without adding greatly to the complications of analysis, the impact- 
effects of a rail-joint having any given profile can be computed, and if an 
unfavourable profile is assumed, the large vertical accelerations sometimes 
revealed by experiment can be theoretically reproduced. For drawing 
general conclusions regarding the effects of different qualities of ballast, 
he comparative merits of long and short fishplates, and the advantages 
consequent on using a stiffer rail, it is necessary for the sake of comparison 
_to assume a standard condition for rail-joints, and it is the impossibility of 
‘achieving this uniformity which makes it so difficult to deduce general 
‘conclusions from experimental observations. The all-important use of 
xperiment is to confirm or to disprove the findings of theory, and, if satis- 
factory corroboration is forthcoming, .it can then be left to theory to 
produce generalizations. That policy of experimental verification has 
a een followed in this case, and the fact that such corroboration has been 
forthcoming is the main justification for putting on record this particular 
nathematical investigation. 


The Author wishes to express his appreciation of valuable assistance 
eceived from Mr. J. W. Atwell, of Kings College, Cambridge, a research 
‘student in the Cambridge Engineering Laboratory. 


The Paper is accompanied by thirteen sheets of drawings, from which 
Plate 1 and the Figures in the text have been prepared. 
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Discussion. 


Dr. Davies showed a number of lantern slides illustrating his Paper. 
Professor Inglis showed some lantern-slides in illustration of 1 
Paper. 
Mr. W. K. Wallace was particularly interested to learn that it - 
possible to obtain better riding combined with easier maintenance by usin 
a stiffer rail. The London Midland and Scottish Railway would sho 
have lengths of main-line track laid with three rail-sections ; namely, the 
standard 95-lb.-per-yard bull-head rail (moment of inertia 36 inch* units) 
110-Ib.-per-yard flat-bottom rail (moment of inertia 57-2 inch* units) 
and 131-lb.-per-yard flat-bottom rail (moment of inertia 88-5 inch* units) 
In addition to the advantages of a stiffer rail, as compared with the 
British standard rail, which were pointed out by Professor Inglis, 
further advantage was that the stiffer rails, being deeper, enabled heavier! 
fishplates to be used. Whereas the moment of inertia of a pair of fishplatess 
in the 95-lb. rail was only 5-9 inch‘ units (17 per cent. of the moment of 
the rail), in the case of the 110-lb. rail it was 12-2 inch* units (21-4 per: 
cent.), and in the case of the 131-lb. rail it was 32-2 inch* units (36-4 pert 
cent.), 80 that a much more efficient joint was obtained with the heavier rails. . 
The L.M.S. Railway used short fishplates for chaired track, not so much) 
from a desire to save steel—although that saving was not to be despised—- 
as from a desire to get the joint-supports closer together. With flat-. 
bottomed rail, however, it was possible to use long fishplates with closely | 
spaced sleepers. He hoped that the reduction in maintenance mentioned | 
by Professor Inglis would be obtained, and that it would be sufficient to | 
offset the extra cost of heavier rails. 
The effect of the ballast was interesting, but in practice he thought i 
would be necessary to retain the standard stone ballast irrespective of its 
resistance, because it was the only material with which the packing coulk 
be maintained for a sufficiently long time. Even if it were desired to use 
a softer ballast, it would be impossible to bear the cost of the extra staft 
then necessary to maintain the track. ; 
In regard to Dr. Davies’s Paper, Mr. Wallace thought that there could 
be no doubt that very much steadier riding was being obtained by altera- 
tions in the coning. The research would, he hoped, be carried further 
because relative wear between rail and tire was a very real problem ; that 
together with the research of Professor Inglis into the vertical oscillations 
should do a very great deal to give more comfortable riding, which was 
with due regard to economy and maintenance, the desideratum which th 
railways were striving to attain. 
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_ Professor Miles Walker desired in the first place to refer to Fig. 9 
(p. 272) of Professor Inglis’s Paper, which showed that concussion occurred 

_ at a rail-joint. That diagram was drawn for a perfectly-fitted fishplate, 
| and there was no shearing action shown at all between the ends of the rails. 
tn practice, however, there was a distinct shearing action at an average 
 Yail-joint, the relative movement of the two rail-ends often amounting 
‘to about 0-05 inch. The wheel-motion thus induced was much more 
important than that due to the bending of the rail shown in Fig. 9, and the 
fact that that large motion occurred caused the actual vibration of the 
“carriage, which was what the passenger felt. Presumably Professor Inglis 
would agree that his diagrams were diagrams of the motion of the axle, 
but the passenger was concerned with the motion of the carriage. The 
@arriage was carried on springs, and had a very much slower period of 
oscillation than the ballast. For a speed of 60 miles per hour the frequency 
of oscillation of the ballast, although dependent on the spacing of the 
sleepers, would be about 35 per second ; that was an exceedingly rapid 
Vibration, and the amount of it transmitted to the carriage was un- 
‘important, but the vibration felt by the passenger had a low frequency 
of about 2 per second for a 45-foot rail. That might become very great 
due to resonance with the oscillation of the carriage on its springs. 
The actual motion of the carriage took the form of a curve showing con- 
siderable oscillation at each rail-joint. The movement was a compound 
effect produced by the two axles of the bogie, and it was often not exactly 
, sine-curve because the movement due to one axle was superimposed on 
“that due to the other. At a speed of 14 miles per hour the diagram was 
uite clear, but at a speed of 45 miles per hour the effects of all the rail- 
joints merged into one continuous oscillation. 

_ He produced records, taken on an instrument designed for the 
urpose. One of those, taken at a speed of 14 miles per hour, showed 
learly the disturbance produced at each joint of about 0-4 inch vertical 
‘movement of the coach. In that case the vibration died out before the 
next rail-joint was reached. In another record taken at about 32 miles 
per hour, the position of the joints could clearly be recognized, the 
‘disturbance to the coach amounting at some joints to 0'8 inch. That 
“zecord showed one place where the joint was perfectly made and as 
tigid as the rail. There there was no vertical motion of the carriage at 
‘all. Another record taken at a higher speed showed the vibrations 
roduced at one joint running into those produced at the next. There 
the carriage moved through a vertical distance of 1°3 inch. 

Three conditions were necessary to overcome that defect : the fishplates 
had to be as stiff as the rail, all relative motion between the parts of the 
joint had to be eliminated, and the tightening of the joints was bound to 
put upon the fishplates a permanent bending moment comparable with 
+ in the rail during the passage of a heavy locomotive. About 9 years 
‘© an experimental rail-joint had been evolved, and through the kindness 
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been able to have it installed near Stockport. It embodied very thick 
fishplates, with extensions under the rails. After the four main bolts were 
tightened four screws drove in wedges which put on the permanent bendingy 
moment. The machining operations were very simple. It was demon- 
strated that that joint produced no vertical movement of the carriage‘ 
and preserved the ends of the rails. The objection which was raised,| 
however, was the cost. Even, however, if the cost should work out at 
£200 per mile of track—and he did not imagine that it would be ass 
much as that—that cost was not great when compared with the cost of 
re-laying even with standard rails, and was even smaller in oe 
with the cost of relaying with heavier rails. J 
Mr. W. A. Stanier said that Dr. Davies’s mathematical analysis and 
examination had confirmed what all railway engineers had been aware of 
for a very long time, namely, that if tires were worn hollow bad hunting 
resulted. He regretted that Dr. Davies had not described more particularly ' 
the experimental work which he had done in conjunction with the L.MS. . 
Railway on the riding of railway rolling stock, and that Dr. Davies had not § 
given some particulars of the visual results obtained by using a cinemato- - 
graph camera, which had demonstrated very clearly the movement of a 
wheel on the rail. The L.M.S. Railway had tried cylindrical wheels, but, 
as Dr. Davies had indicated, there was the difficulty of manufacturing 
cylindrical wheels of exactly equal size. That was a shop problem which | 
would necessitate grinders for railway wheels, which was not always pos- - 
sible. Dr. Davies had not referred to the wheel-coning of 1 in 100 which — 
the L.M.S. Railway were at present using; wheels with that coning | 
appeared to be giving in practice as good results as cylindrical wheels, 
The most important consideration of all from the Chief Mechanical 
Engineer’s point of view, however, had not been referred to: how could 
the time be lengthened before the wheel had to go into the shops for re= 
turning, if bad riding of the coaches were to be avoided ? | 
Mr. J. Taylor Thompson proposed to speak only on the Paper by 
Professor Inglis, and to deal with only one point in it, namely, the question 
of the weight of rail. The Paper dealt only with one axle, and not with a 
series of axles, and it was clear that with one load the weight was trans 
mitted through the rail over a series of sleepers; he had assumed that 
one-third of the weight was carried in the middle, tapering out for perhaps 
eight sleepers. It was clear that the stiffer the rail the greater was the 
distribution, and therefore the less pressure there was on the sleepers” 
adjoining the load. The rail was perhaps acting over a span of something 
like 10 feet, and the stiffer it was the better. That was also the conclusion 
which Professor Inglis drew. However, when instead of just one load 
there was a long series of equal loads spaced at sleeper-spacing apart, it 
seemed clear that each of the sleepers was bound to take the full wheel- 
load, and that the relief occurred only towards the ends of the series of 
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loads, where there were free sleepers to which the rail could transmit some 
ofthe load. He suggested that that was true however stiff the rail might 
be. Unless the rail could act as a beam over a span of something like 
30 feet to the unloaded parts of the track, the sleeper-load in the centre 
of the series of loads would be the full axle-load, irrespective of the weight 
of the rail. That was an important point of distinction between a single 
‘axle and a series of closely-spaced axles. In the first case it was obvious 
that a stiff rail would improve the track and decrease the deflection, but 
in the second case the deflection of the track was affected very little by the 
stiffness of the rail; what affected it was the resistance of the ballast. In 
‘practice a series of loads had to be dealt with. 
as The American Track Stress Committee, which had been sitting for 
Over 20 years, had dealt with the subject of ballast-resistance, and their 
Teport seemed to confirm the point of view that he had been putting 
forward. The Committee used the symbol u to denote the ballast-resist- 
ance, and considered both a 2-8-2 locomotive and the adjacent ends of 
two eight-wheeled bogie coaches. They considered a 90-lb.-per-yard rail 
with uw = 1,000, 2000, and 4,000, and a 152-lb.-per-yard rail with u = 2,000, 
5,000, and 6,000. Their report showed that a 90-lb. rail on a ‘‘ 2,000 ”’ 
allast showed almost exactly the same deflection as a 152-lb. rail on a 
*2,000 ” ballast, the deflection being just over 0-2 inch in both cases. A 
90-Ib. rail with “4,000” ballast and a 152-lb. rail with “‘ 4,000” ballast 
‘also showed approximately the same deflection (0-1 inch). The increase 
in the ballast-resistance, and not the increase in the strength of the rail, 
‘was what determined the degree of depression. The rail had, however, 
‘one very important effect, in that the stiffer the rail the smaller were 
‘the local depressions. The total depression was the same, but with the 
152-lb.-per-yard rail the depression was very much smoother. 

_ That raised the problem of how to decrease track-depression. It seemed 
‘clearly necessary to increase the ballast-resistance. Fig. 1 (p. 282) showed 
.., distribution of pressure from the sleepers themselves. The diagram 


taken from the results of the American research work, but he had 
pplied it to English practice with a different kind of track and different 
spacing of sleepers. The diagram showed lines of equal pressure, there 
being an intense pressure shown in the middle of the sleeper and less at the 
sides. By the time a distance below the sleeper was reached equal to the 
pacing of the sleepers, the pressure had become almost uniform ; in other 
vords, if the ballast could be as deep as the spacing of the sleepers there 
yould be uniform pressure on the formation. With about 5 inches of ballast 
ere was heavy compression underneath the sleepers and no pressure in 
etween, and that created pot-holes under the sleepers, leading to water- 
collection and all its inherent troubles. It would seem that there were 
4 ways in which it was possible to decrease the depression of the track — 
nd to stiffen it. One was to place the sleepers closer together, and the other 


as to increase the depth of ballast so as to increase the area over which 


// 


further research would be the factor of safety against rail-climbing | 


282 DISCUSSION ON PAPERS BY 4 


the load was spread, thus decreasing the unit load and consequently th 
depression. Mr. Thompson then showed a photograph taken some tin 
ago after a serious washout had occurred. Ash ballast had been 18e 
under the track, and the photograph showed how the ash immediately 
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below the sleepers had been pressed into a solid mass, whilst elsewher ; 
under lighter pressure, it had been less compressed and had been washed 
away. 
Finally, he would suggest to Professor Inglis that an ideal subject for 


curves. 
Dr. F. W. Carter observed that, since Dr. Davies had referred t 
some of his work, there were a few remarks which he might ms 
with regard to it. When he had introduced the creepage coefficient 
he had had no idea of its magnitude, but afterwards he had ‘found | 
formula which would, in an ideal case, give a value; that was the 
formula quoted by Dr. Davies, and he was very glad to see that the 
figures calculated by his formula and Dr. Davies’s experimental results 
were comparable in magnitude. A Paper had been published in 1935 by 
the American Society of Mechanical Engineers! in which the author 
stated that the average of a number of actual tests gave a figure of 8-5 
million for the creepage coefficient, and that Dr. Carter’s formula gav 
8-6 million, the difference being less than the probable error of either 
figure. The American author might have said, however, that the corre 
spondence was fortuitous, because in fact no such exact correspondence 
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was to be expected between the two figures. He had not seen his way to 
ealculate the lateral- -creepage coefficient, but he had assumed it to be 
- €qual to the longitudinal-creepage coefficient. He was glad to see that 
Dr. Davies had confirmed that it was in fact much the same in 
"magnitude. 
_ He had been interested in the work of Dr. Davies on the effect of 
clearance in the axleboxes. Dr. Davies showed that that was, at any rate 
at slow speeds, a factor which tended to damp out the long-wave 
“oscillation. Dr. Carter had made his investigation on the assumption 
1 that there were no clearances, and that the truck moved in the way that 
it was intended to move, the clearance being adventitious although un- 
avoidable. At speed, however, his assumption apparently became 
_ justified. 
i One subject which he had investigated but which Dr. Davies had not 
"considered was the interaction between groups of wheels, in order to see 
w a locomotive built up, for instance, with a leading bogie, a number 
of axles in the main frame, and perhaps a trailing (swinging) axle would 
behave i inrunning. He found that in certain cases the locomotive tended 
i to keep to the middle of the track of its own accord, without the action of 
“the flanges. The question of clearances had not been considered, 
however. : 
_ He considered that the coning of the wheels was not really the cause 
of instability, but was only a factor which showed itup. He had considered 
-coning rather as a way of bringing the matter within the ambit of mathe- 
matics. If there were no coning the motion would have to be unstable, 
as the truck would always run until a flange struck a rail, to be then 
‘deflected against the other; the coning enabled him to investigate the 
-Inotion, which was sinuous, and he could investigate the question of the 
stability of the running with that motion. 
Dr. W. L. Lowe-Brown felt that Professor Inglis’s Paper would have 
been even more valuable if details had been given of observations on the 
a tual behaviour of the track under the passage of trains. Presumably 
there would be an appreciable modification of the depression-curves, 
eovally near the joints, caused by the restraining action of the chairs, 


t ne almost to the edges of the chairs, so that the effective span 
vould be considerably less than that used in the calculations. 

_ When he was the Chief Engineer of the Buenos Aires Western Railway 
1915, observations had been made of the resilience of various kinds of 
Ilast, its effect on the rail-stresses. being worked out by simplified 
hical methods on the lines of the crawl-calculations shown by Professor 
s. The conditions were widely different from those on British rail- 


in the first 50 miles from Buenos Aires, where there was a heavy 
fic, including a fast electric service. The remaining 1,800 miles of line 


ys. The only part of the railway on which stone ballast was used _ : 


ff 


_ additional sleepers to reduce the sleeper-spacing. 
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were laid with ashes or selected earth ballast. The rails were 85 lb. « 
80 lb. per yard, and flat-bottomed. The deflection of the sleepers undeg 
various axle-loads was measured for several different kinds of ballas 
The results approximated to those published 4 years later by tha 
American Committee on the Stresses in Rail Road Track1. The value 
of p as used by Professor Inglis would be of the order of from 10 to 20 
for earth ballast, and from 20 to 30 for stone ballast. With earth balla: 
travelling was very much smoother, and rail-wear was definitely less, thé 
with stone ballast. The only difficulty was that with very heavy traffic the 
cost of maintenance washigher. In one test with 80-lb.-per-yard flat-botton 
rails, measurements were taken near a joint of the rail. The joint was 
formed by two stiff angle fishplates, the ends of which rested on hardwot 
sleepers at 20-inch centres. The ballast was ‘burned city refuse, whieh 
made an excellent track. The maximum axle-load in the test considered 
was 15-4 tons, and the maximum depression under the inner fishplate-bo 
on the “ approach ” side of the joint was 0-16 inch. That was somewhat 
less than the average depression at intermediate sleepers at 2-foot 5-inel 
centres under the same load. c 
There were many factors which determined the vertical path of a whee 
moving along a railway track, the principal ones being the ballast, thes 
sleepers, and the rails. No doubt with the object of simplifying the analysi 
Professor Inglis had studied only the variations in the ballast and the ra il, 
and had kept the sleeper-spacing uniformly 2 feet 6 inches, except at thet 
joints. In that way he had arrived at the conclusion that a great improve-- 
ment could be secured by using a very much heavier rail. He hae 
apparently rejected the other solution of the problem ; namely, the use 6 


There were actually two opposite schools of thought, one considering 
that heavy rails and a small number of sleepers gave the most economica 
track, and the other, to which he belonged, preferring lighter rails and a 
greater number of sleepers. Before the introduction of shovel-packing 
it might have been considered that with a track of bull-head rails and 
chairs the minimum distance apart of 10-inch sleepers was 2 feet 6 inche 
with something less at the joints, but with shovel-packing he could see no 
reason why the sleeper-spacing should not be reduced to 20 inches in the 
middle of the rail and to less than 15 inches at the joint. In Canada a nd 
in the United States, where, compared with British practice, very much 
heavier axle-loads were the rule, not only were heavier rails used, but 
the sleepers were placed very much closer together. Had Professor Inglis 
examined the possibility of achieving the same result as he had obtained, 
by leaving the weight of rail unaltered and reducing the sleeper-spacing | 
To obtain the best result it would probably be necessary to reduce the 
spacing at the joint to less than 15 inches. 4 


? Trans. Am. Soc. C.E., vol. 82 (1918), p. 1191. _ 


DAVIES AND INGLIS. 285 


IN 


_ Mr. W. E. Gelson found it easy to appreciate the difficulties which 
arose in connexion with the study of nosing of vehicles, as he had recently 
been concerned with similar work on locomotives. If accelerometers, 
“preferably of the electric recording type, had been placed direct on the 
-axleboxes of the coach tested by Dr. Davies, in order to record lateral 
“Movement, much useful information might have been obtained. Such 
_ equipment was easily obtainable, and the advantage of obtaining simulta- 
“neous movements or accelerations on one graph was very great. It would 
enhance the value of the Paper if a diagram of the bogie-suspensions 
and main dimensions were included, with a statement giving the coefficients 
of friction at the various rubbing surfaces, if they were known. With 
_ regard to the effect of end play in the brasses, his own experience with 
Tocomotive oscillations was similar to that of Dr. Davies, namely, that the 
tighter the clearances the greater the instability. Mr. Gelson had found 
that, with new tires, there was a marked increase in the wave-length with 
increase of speed, but he had not made tests with worn tires. 
_ Referring to the section of Professor Inglis’s Paper dealing with the 
continuous rail, he noticed that the sleeper-pressures deduced from the 
deflections plotted in Fig. 2 (p. 264) differed widely from those obtained 
_by corresponding calculations based on the continuous-elastic-support 
"theory. For example, for p = 62-5, the maximum sleeper-load from one 
¥ rail would be 0-238 times the wheel-load, compared with 0-40 times the 
wheel-load using the older method. It would be very helpful if one 
example were worked out in detail and added as a guide to engineers 
who had in the past based their calculations on the continuous-support 
theory. Professor Inglis considered that a value of p = 62-5 denoted an 
abnormally yielding ballast ; such a value would, however, be regarded 
as of considerably more than average stiffness for first-class 5-foot 
6-inch gauge main-line tracks fully ballasted in India, and half that value 
would be considered to be a good average figure for such track, laid 
with 90-Ib.-per-yard flat-bottom rail on hardwood sleepers. A large series 
of determinations recently made gave a value for p of 43 for 90-lb.-per- 
yard rail on steel-trough sleepers, laid on 24 inches of ballast on brick 
soling. ‘Timber sleepers themselves contributed considerably to the value 
of p. Tests had shown that pine or deodar sleepers on an infinitely rigid 
ballast would give a value p of 150. Reduction of the track-gauge was 
iccompanied, other things being equal, by a reduction in the value of p. 
“4 n India serious oscillation had not been observed at frequencies corre- 
sponding to the sleeper-spacing. That was no doubt due to the greater 
egree of elasticity in the road-beds. 
It had been customary in India during the past 15 years, when 
Jculating rail-stresses, to allow for the effect of the speed of the live load. 
at effect had lately been examined in some detail, and it had been found 
it assumed importance where the road-bed had marked flexibility 
d where the rails had a rather low moment of inertia. The speed-effect 
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would, he thought, be noticeable in the case of the L.M.S. Railway t1 
for a value of p of 62-5, but not for values of p higher than that figure. _ 

He would like to draw attention to one minor point in the Paper. hil 
the first graph (Fig. 2, p. 264) for the condition of rigid supports, the 
deflection had been calculated assuming that negative reactions would be 
provided by the sleepers in the adjacent bays. He was doubtful, however: 
whether such negative reactions could be developed under the 5-9-to 
wheel-load considered in Fig. 7 (p. 269). . 

Professor Inglis had concluded that an all-round improvement 1 
smoothness of running could be achieved by using a stiffer rail. That b " 
been borne out by the experience in India. The advantages of usin; 
track laid with 90-lb.-per-yard rail, compared with track laid w thi 
75-lb.-per-yard rail, had been shown to be very considerable. 

Referring to the problem of the rail-joint, as the vertical path of a whee 
was affected greatly by over-stress in the fishplate, it would have been oi 
considerable interest had Professor Inglis referred to rail- and fishplate 
stresses. Investigations had shown it to be common practice on some 
railways to pack joint- and shoulder-sleepers harder than intermedi tes 
sleepers. That practice had been observed only when the design of he: 
joint had been unequal to the loads for which the track was intended. 
Vertical oscillations of the sprung mass due to hard packing at the joints 
were of considerable importance at certain speeds. | 

«* Mr. 0. F. A. Sandberg observed that both Professor Inglis’s and 
Dr. Davies’s Papers brought forward subjects of very great interest to all’ 
railway engineers. The prevention of uneven riding and vibration, , 
whether due to track or wheels, was one of particular importance to-day; 
in view of increasing speeds and loads. : 

The design and quality of track and tires was a subject to which his: 
firm had given very prolonged study. Whilst realizing the importance of | 
ballasting and number of sleepers, they considered that a heavier rail, 
and particularly a stiffer rail, gave very great advantages. It was 
desirable that the strength of the joint should approximate as closely as 
possible to that of the rail. The plain fishplate for the British 95-Ib- 
per-yard bull-head rail was in that respect quite weak, and Mr. Wallace’s 
figures of the strength of flanged fishplates for his heavier flanged rails 
were exceedingly interesting. 

The successful introduction of the welding of rail joints would by 
degrees reduce the number of fishplate joints, but it seemed very important 
that such fishplate joints as remained should be improved, ‘apart fron 
better support by more closely spaced sleepers or by other means. | 

It should be borne in mind when calculating the strength and stiffness 
of track that loads and stresses were very much increased by such factor 
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as imperfectly fitting fishplates and imperfect surface of track, and by 
4 vear and deformation of the original sections, particularly due to 
batter at the joints. To reduce the effect of those factors to a minimum 
it was of primary importance that the best quality materials should 
be utilized that could most successfully withstand the worst conditions 
encountered. : 

_ Mr. J. W. Eling Smith inquired whether or not the wear on the tread 
of a tire (excluding wear upon the brake-blocks) might be considered to 
be a function of the angle of coning; in other words, would a reduced 


angle of coning reduce the wear on the tread of the tire ? 
_ Dr. Davies, in reply, dealt first with the question, raised by Mr. 
Stanier, of increasing the time before the wheels had to go into the shops 
‘for re-turning. In the conventional design, with wheels fixed to the 
axles, the trouble was that the tires wore to fit the rail-surfaces, and that 
when a certain degree of fit had been reached the riding became so bad 
that re-turning of the tires was necessary. Wear could not be prevented 
BEatively ; the production of slower wearing tires, without sacrificing other 
‘qualities, was a matter for metallurgists. An abortive attempt to make 
he brake blocks re-turn the tires in service was described in the Paper. 
fhe only complete solution seemed to lie in a design with independently 
otating wheels. Tire-wear would then not matter, but the increased 
nitial cost might offset the saving on maintenance. 
- Dr. Davies was interested by Mr. Eling Smith’s suggestion that the 
‘rate of wear might be affected by the coning angle ; he thought that with 
00 little coning the rate might be increased, since small differences 
ween the wheel-radii and slight curves in the track would not then be 
looked after by the coning, and would cause creep or slip. Too much 
coning might also increase the rate of wear, since the acceleration forces 
+ the wheel-treads would be increased by the higher frequency of 
illation, leading again to more creep or slip. 
_ He did not agree with Dr. Carter’s suggestion that at speed the effect 
‘of the axlebox clearances might be neglected. The accelerometer records 
ith new tires, given in curves (1) and (2) of Fig. 18 (p. 247) were taken 
service at speeds of over 70 miles per hour. The wave-length of the 
scillation, about 60 feet, agreed very closely with the calculated value 
a single free axle; if clearances had been neglected the calculated 
value would have been about 130 feet. He agreed with Mr. Gelson that 
it would have been desirable to record the axlebox accelerations electri- 
ally; although more expensive, it would have been better than the 
;owden ”’-wire apparatus actually employed. ; 
The leading dimensions of the bogie used in the full-size tests were 
enon p. 241. The bogie-frame suspension consisted of laminated side 
ring-springs and rubber blocks, as shown in Fig. 19 (facing p. 227). 
coach was suspended from the bogie frame through inclined swing-- 
a spring plank, coil springs, and a bolster. . 
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Professor Inglis, in reply, observed that Mr. Thompson called 
attention to the fact that if a rail carried a number of loads concentrate 
at fairly close intervals the average downward deflection would not bes 
appreciably reduced by increasing the stiffness of the rail, and woul 
depend mainly on the compressibility of the ballast. That was certainlyy 
true, but for the investigation dealt with in the Paper, the average depth 7 ) 
the depression in which the wheel moved was not the real consideration ; 
it was the up-and-down movements and the vertical accelerations associated 
therewith which were under consideration. Those up-and-down mo 
ments were greatly reduced by the use of a stiffer rail, and that fact 
clearly confirmed by the interesting graphs which Mr. Thompson show 
at the Meeting. Both Mr. Gelson and Dr. Lowe-Brown commented 
the fact that the values of p stated in the Paper appeared to underestima 
the yield of ballast. In answer to that it should be mentioned that ball 
did not behave as a perfectly elastic material over its whole range 
compression. For a small load the compression was much greater, 
there was apparently a considerable amount of initial back-lash to be take 
up before the true elasticity of the ballast was revealed. The value } 
p = 125, which was stated as corresponding to a ballast of normal rigidity, , 
gave the elasticity of the ballast when the back-lash had been taken up) 
and consolidated by a considerable pressure. It was the figure which . 
actually corresponded to additional deflections given by additional loads, 
and it was also the figure which accounted for the observed natural | 
frequency for vertical oscillations of a pair of wheels and axle, which ir 
addition to its own weight was supporting a downward force of 10 tons. 
Probably the mean depths given on some of the figures were under- 
statements, but the movements above and below the mean were the — 
important consideration, and for determining those the values of p given 
in the Paper appeared to be the most accurate values which could be 
taken. 

Dr. Lowe-Brown put the pertinent question whether or not the im. 
provement obtained by a stiffer rail could not as readily be obtained by 
increasing the number of sleepers. That was rather a problem for the 
maintenance engineer, but in a general way it would seem that an increase 
in the number of sleepers was not likely to effect a reduction in maintenance- 
costs, and at a rail-joint the sleepers were already as close as was practicable 
Decreasing the pitch of sleepers would doubtless give smoother running 


to be the most obvious solution. 


na The Correspondence on the foregoing Papers will be published in 
the Institution Journal for October 1939.—Sxc. Insr. C.E. é 
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i The following Paper was submitted for discussion, and, on the 


“Motion of the Chairman, the thanks of The Institution were accorded 
4 the Authors. 
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¥ “On the Problem of Stiffened Suspension-Bridges, and its 
Treatment by Relaxation Methods.” + 


_ By Ronaup Joun Arxrnson, B.E., and Professor Ricuarp VYNNE 
SouTHWELL, M.A., F.R.S. 
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INTRODUCTION. 


. Tux theory of the stiffened suspension-bridge originated with Rankine 
and was developed on the assumption that the suspended truss remains 
absolutely rigid under the action of live load; further development was 
‘made by Professor J. Melan1, who first took into consideration the deflexion 
of f the span-truss. The aplination of this theory to the design of large 
American suspension-bridges, such as the Manhattan bridge, in New York, 
va nd the Philadelphia-Camden bridge 2, showed that this more exact theory 
is of great practical importance ; furthermore, it resulted in a considerable 
economy of material. 

a, In applying Professor Melan’s theory to determine the additional 
horizontal component of the cable-stress due to any cause, such as live 
load or temperature-change, the assumption has been made that not only 


{ Correspondence on this Paper can be accepted until the 15th June, 1939,— 
3. Inst. C.E. 
t J. B. Johnson, C. W. Bryan, and F. E. Turneaure, ‘‘ The Theory and Practice 
‘Modern Framed Structures,” vol. ii, p. 276. Ninth edition, New York, 1917. 
2 “ Quantities of Materials and Costs per Square Foot of Floor for Highway and 
ric-Railway long-span Suspension Bridges ”’ (contribution to Discussion by Ly Ss. 
pectt): Trans. Am. Soc. C.E., vol. 91 (1927), p. 919. 
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dead load but also additional load may be considered as uniformly dis 
tributed along the span. In this manner an equation has been establi 
from which the additional cable-stress can be calculated by a “ cut- 
try” method. The assumption of uniform load-distribution is sufficiently; 
accurate provided the span is fully loaded, or nearly so; but a considerables 
error may occur when only a small part of the structure is loaded }. ] 

2. This account has been taken from a Paper by S. Timoshenko ®,| 
of- which the main concern was with the simplified problem shown in1 
Fig. 1. It assumed (in effect) that the number of the vertical suspen-- 
sion-rods is so great that the loading which they transfer from the girdert 
to the cable, and hence the curve which is assumed by the latter, may D ¢ 
treated as continuous. The assumption is evidently legitimate in a treat - 
ment intended to elucidate principles, and it will be made in this Pape: , 


Note: Suspension Rods Merely Diagrammatic. 


3. Simplified in this way with a view to theoretical treatment, each 
“ truss ” of a suspension-bridge consists (Fig. 1) of 
(a) an elastic girder AA, with ends constrained in some definit 
manner, to which the load-system is applied ; ae 
(6) vertical suspension-rods §, 8, etc., attached to AA, whereby pa + 
of the load-system is transferred to i | 
(c) a flexible cable CC, deriving its ability to sustain vertical loads’ 
from tension combined with curvature. § 


A truss of this kind is “ redundant”, whether the ends of the girder be 


* J. B, Johnson, C, W. Bryan, and F. E. Turneaure, “ The Theo: Practice of 
2 . > . i. > and ‘ ot 
Modern Framed Structures,” vol. ii, p. 312. Ninth edition, New York, 1017.55.00 


* “The Stiffness of Suspension Bri iM 93 
Sri ank. pension “at Trans. Am. Soc. C.E., vol. 94 (19: 
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_ clamped or simply supported ; for the cable-tension is not statically deter- 
“Minate, but may be altered by self-straining due to temperature-changes 
od the like. Usually the lengths of §, S, etc., are so designed that under 
‘the dead loading (wp) the girder is practically straight and therefore 
| devoid of stress. The problem now under discussion is to decide what 
| increase of tension in the cable, what loads in the suspension-rods, and 
_ what bending moments in the girder will be induced by a specified live 
| loading (wy). 
; _ For simplicity that case is considered in which 


Be (1) the ends of the girder are simply supported, 
j (2) the rods §, S, etc., are inextensible and so long that they remain 
sensibly vertical in the strained configuration, 

(3) the rods are spaced so closely that displacements due to live load 
may be treated as continuous functions of the horizontal 
distance from one end. 

In the numerical work it is assumed further (4) that the girder has 
uniform flexural rigidity. 


Basic THrory. 


4, Let x stand for horizontal distances meanieed from the left-hand 


% ‘abutment; let the shape of the cable be expressed by y, its depth at 
| x below the level of its end (x = 0) ; and let the deflexion of the girder at 
x be v measured vertically from the horizontal line through its end supports. 


Let H be the (uniform) horizontal component of the tension in the cable. 


— 2 ; 
Then — ven measures the vertical loading at a section defined by a 
x 
cn eg ee ; : d2 /_d?v' 
' which the cable sustains in virtue of its tension, and ie Bi) measures 
the vertical loading at a section defined by x which the girder sustains in 
virtue of its elasticity. Accordingly, if it may be assumed that the down- 
} ward pull of the suspension-rod on the cable at « is transmitted as an 
upward loading to the girder at x, then 
2s ph 
# (po) _ Avy ap 
dx?\ da? dx? 
5 denoting the intensity of the applied loading at a horizontal distance 
from the left-hand abutment. This will be termed the “ governing 
equation ” of the suspension-truss (Fg. 1). ie i 
The assumption stated in italics was made by Timoshenko in his Paper 
tnote (2), p. 290). He appears to assume in addition (tacitly) 
the displacement of the cable is purely vertical, since no account of % 
| horizontal components is taken in his analysis. On that understanding 


- —— 


i= 
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(wp representing the dead loading) initially, at «, 
0 = Up, the initial deflexion of the girder, 
¥ = y, the designed depth of the cable, 
H = H (say), 
and hence, according to the above equation 
d2 (dv ey 
za) —2 ee 
When a live load wz, is operative, the conditions at x are 
w= Wp + vz, 
v= Up + v (say), 
and y=y+2, 
because (according to assumption (2) of section 3) the same additional — 
deflexion must be given both to the cable and to the girder. The tension — 
in the cable will in general be altered, so that 
H = H + H, (say). 
Therefore according to the governing equation 


bate +0} — (+ My EW+) =p ten - @) | 


By subtraction of (1) from (2) the following is obtained as the governing — 
equation for v 


d? /_d?v d2v d2y 
a("z2) — (H - Hi) = Hy = Wy] .. 2 (3) 
in which on the left-hand side, of the total (specified) live load wz, the 
first term gives the part sustained by the girder and the other terms give _ 
the part sustained by the cable. | 
Equation (3) is identical (allowing for changes in notation) with Professor 
Timoshenko’s equation (4): y being regarded as known (it is under the 
control of the designer), it can (theoretically) be solved for v as soon as! 
Hy, has been determined. This is the essential feature of the problem 
it means (since H, depends on v) that the principle of superposition is 
not applicable, as in the majority of structural problems. 
5. It is at this point that (as the Authors believe) Timoshenko’s 
_ treatment falls into error by neglecting to consider that sections of the 
cable will be displaced horizontally as well as vertically. That  hori- 


the cable would be stretched, in different parts of its length, by amounts 
which in general are not consistent with the basic assumption of a uniform 
horizontal component of tension. In other words, horizontal forces would 
be required to maintain deflexions restricted to the vertical direction, and 
on this account Timoshenko’s formula for H, (which he deduces by an 
argument from strain-energy) is not correct. a 


= 
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_ To support this contention the Authors have made, in the investigation 
which follows, allowance for a horizontal displacement wu. If u were zero 
verywhere, then (on the assumption that the cable-tension has a constant 
Porat component) the right-hand side of (6) would have to vanish for 
all values of z, and this requirement is not reconcilable with an un- 
testricted form for v. 
6. In Fig. 2, which relates to any cable, the length of the arc between 


“ds ty 2 
a= | — dzr= | (1 + y/?)¥dz, 
o dx 0 


oy’ denoting the differential dy/dx ; and it follows that the change in s (4,s, 


Fig. 2. 


el A (<2) & /q d 
t (ds Ade Nds ce ay at 
Ays = [40(43) da = Sige acai a ip (4), ” da ‘ 
, 


4 q If x is altered to (x + u) a further change in s will result, given when 
u is small by 
A3= tnt + Ays) ie to the first order of small quantities. 
- dx dz 
| “Therefore, if a given section of the cable moves from # on the first curve 
) toa point (x + u) on the second curve (y + v), the total change in the 
ngth s up to this section will be given by 
: ds eidy\.., ; 

= —_—= — | ode + us’, ee 
eee i ecn i (z). a8 
, iaties © denoting, as before, differentiations with respect to Ce ; 
Another expression for e can be deduced from the elastic properties” 
able. For in the first configuration, if 7’ denotes the tension atthe — 


ae 4 


* 


“ f 


i¥: 


_ deflected cable: that is to say, the new intensity of upward loading on 


ee” eo re 
Oe : ao : 
> -— L/ 


994. ATKINSON AND SOUTHWELL ON THE ae ai 


| 


i 


point considered and H its (uniform) horizontal component, the tote 
extension of the cable up to the section a is L 


SAP as H (*/de\2 
= ——-- dz = lc —- dx 
i [ (Fi =) BA), (=) 
H z 
=— | (1 '2\da. 
BA}, 74 ) 
Therefore | 
Ac = total change in e due to u and v combined (and allowing for a) 
change 4H in H) 
= uc + Aye, in the notation used above, 
x | 


dod | ywds, one 
EA EAJ EA] } 

to the first order of small quantities. 
By elimination of 4e from (4) and (5), there results 

H Ad [* 2H [* * /dy 

, a eo | eee daz res ‘y'dx — wd , ; 
wen te Bef oa yee (8) oo 
as an expression from which wu can (theoretically) be calculated when v is 
specified. For since w must vanish when 2 = L, 4H can be determined 
from the equation 


AH ft 2H ft L (dy : | 
Dusty eee "2d. ae ne = bal , f : 7 } 
BA rn vt al, vede [Gv (7) 


and on substitution of this expression for 4H in (6) an equation is 
obtained in which u is the only unknown. . | 
7. u having been shown to be significant, it now remains to investigate | 
the corrections which must be made on its account in the governing — 
equation (3). First the effects of « and v on the upward loading trans- 
mitted to the girder at x will be considered. 
In the first configuration of section 6 this loading was given by 


= AS . a) e <). e . (8) 


but in the second configuration the force transmitted to a length dz of t he 
girder at « is the pull ona horizontal length Bo(1 ot z) at (~ + u) on the | 


the girder at « is 


ai du\(— , dw 
We + Aw, = (: +E )e+), 


B= — (H+ AMZ y+ 9) 


where 
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ne? pe dy  d{[ dy 
=~ Ant! — (H+ 4m) E 4 a("E 


<, =) | to the same order, by 


(8) and (9); . . (10) 


i @ /,d dv d( dy @ 
ee fH) (pH) ae" (2) — a 
. ‘al A em Das + del “a | Fig) Nee 


The term involving wu is new. 
_ 8. H;(= 4H) and w being related with v by (6) and (7), equation (11) 
“determines the vertical deflexion v, common to the cable and to the 
girder at their sections defined by z (section 4), which results from the im- 
position of a live loading w;. Of this loading a part 


2 2 
dx?\ dx? 


is sustained by the girder, and a part wt (A) 
d?y dy  d| d*y\|{ 
= — HH," —(H+4H,)| —+ -(u— 
"Ue oe E we il"ae)| 
sustained by the cable. (we, for convenience, here replaces Awg in 
uation (10).) 
Now let Mg be defined by the equation 


2 
Se Lee Ss 


mbined with the condition that Mg vanishes at either end of the span. 
bstituting this expression for wg in the second of (12), the resulting © 
_ equation can be integrated to obtain 


; x L ; 
Mo =Hy.y + (H+ Hy) let i wy"de — 5 | wae | (a4 
0 0 Bos 
which y’’ stands for d?y/da?. ; 


For wz, in (3), may be substituted its expression in terms of the total _ aa 
ent My, due to live load. _ This is defined by the equation — a 


= 
~~ 


The first step is to substitute for u in (14). 


_ of v and known quantities (y’, s’, etc.). 
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combined with the condition that My, vanishes at either end of the span. . 
In view of the meaning which has been attached to wg, Mg is that part 
of M,, which is transmitted from the girder to the cable. The remainder 


(Mg, say) must be sustained by the girder i in virtue of its flexural rigidity. | 
and on integration the first of (12) gives 


Mg = M,;— Mo = — BE, : . . : . (16) 
since Mg, by analogy with (8), (13), and (15), is the solution of 
d2 
= 7a ue. ) Gd QU 


which vanishes at either end of the span. 
9. In (14) and (16) expressions have been obtained for the live-load | 
moments sustained by the cable and girder, respectively, when a vertical | 
displacement v (measured from the “dead-load configuration”) is 
imposed on both. The next problem is to determine v when their sum > 
M,(= Mg + Me) is specified 1. 
Exact treatment being difficult for the reason that superposition is not | 
legitimate (section 4), the required solution is sought indirectly (follow: 
ing the standard procedure of the relaxation method) by investigating the 
forms assumed by Mg and Mg when v has certain assumed distributions, — 


In (6) and (7) the ane as be written, 
Oi = H,, e “4 Fai s2=1+y2 . . 


“integration by parts ”’ nee take the forms 


Nem H 2H 
es co-g Vien S| WEiee< ol En oe 
w'( za*) = Tal laid, “(1 EA ‘) 
Toy" 2H 
ly ae 
T ( Fa Ja 


and ae 


since 


dz 


Eliminating H;, between the two equations (18), u is expressed in 


d so —s8 
rats )= Gh 2 and s’s’’ = y’y’’, according to (i). . (ii) 


The relations can be simplified when it is observed that H/EA, being the 
* Those who are interested only in results may pass at once to section 17 (p. 304). 
 - 


~ 
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_ fractional extension in the cable when subjected only to dead loading, will 
in practice be extremely small, whilst s’ will not exceed 1: 25 ( (say). In 
"consequence all terms which involve H/HA may be neglected in (18), 
and on that understanding these equations reduce to 


Palen 


x 
nce de + =I dz. 

0 J 
It can be seen from (18) and (19) that, provided y is symmetrical with 
Tespect to the central section (as is usually true in practice), no contribution 
made to H;, by any deflexion v which is distributed skew-symmetrically 
with respect to the centre. Further progress is impossible until some 
- definite form has been assumed for y. 
_ 10. In equation (1), wp being specified, the distribution either of Up OF 
_of y is at the choice of the designer (subject to the condition that both 
quantities must vanish at each pany, because (section 3) the structure is 
| redundant and as such can be self-strained. Since wp = —d?2M p/dz?, 
where M pis the bending moment corresponding with the dead load, a 


re 
ae 


Sis 
ee 
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(19) 
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— Boe + Hy = Mp, . Pen eat yy 


vanish everywhere, leaving the girder free from stress, if the shape and 
tension of the cable are so chosen that 


Hy = = Mp ae te bad Mire. aap ee (iv) 


Bo: example, by making y parabolic when wp is uniform). Otherwise some 
‘deflexion must be given to the girder, since ae Mp) cannot then 
vanish everywhere. 
Usually y is determined without special reference to the form of Mp, 
and in that event either of two alternatives may be adopted: either 
9 may be deduced from (iii) or, % being kept zero, a value of H may be 
osen such that Hy is approximately equal to Mp everywhere, and the 
‘remainder of Mp then treated as an addition to the “ live-load moment ” 
y It will be assumed that the second alternative is chosen, also that y 


is given by the expression 


' L d 
» = io ee — cosh H2 -5)}. ite il bere, (20) 


; } heer oe 
ich defines the “ uniform catenary.” By putting x = 5 it is found that — 


ee Bak * ; a 
a ine As s. 
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< 5 
<0 that kL will be small when d/Z is small. Then toa close approximatiot 
sinh? 5 L—— 
; d _ kL 2 2 
: i> at. te kL 
4 apy sinh? — 


so the shape of the cable is approximately parabolic. This is in accor 
with standard practice, and (22) might be taken as exact relations; but_ 
analytically the assumption (20) is more convenient, and it wil 
f introduce no difficulty in design. 
7 11. According to (20), 


_y’ = —sinh x» — A y” = —k cosh X(2— 3) 


s' = V(1+ y) = cosh X(» — 3): 


and on this understanding equations (19) become 


iy i L 
, (1 + ed Ey = I v sech? X(» _ 3) 
0 


2 kL JEA 


2 
++ v tanh X(» _ 5) — a sech? X(2 _ 5): 
9 9) 


- eo y ed ; H 
Pw u cosh u(x 5) = jhe + sinh kL + sinh kQQe — L)}4+ Le 


“ 


Also, (14) becomes 
Mco=Hy.y+(H+ H,))o ~ | “woth 2x * =) 
L 0 j 


ke (¥ L = i 

Sg I ‘ ; u cosh X _ 3). : ni 25) 

in which y has the expression (20). Thus the assumption made i 
regard to the form of the cable makes it easy to eliminate u between (2 
_ and the second of (24). The integrals are, however, intractable in the: 
present form. oe 
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ra Now the Fourier expansion 


a » sech2 X(» = 2) = V, sin (aa/L) + Ve sin (27ra/L)-+-. . (26) 


vs admissible, since v (in the nature of the case) vanishes at both ends of 
_ the span and is everywhere finite and continuous. It may be integrated 
_ term by term, and both sides of (26) may be multiplied by any finite 
quantity. With this substitution, equation (24) can be replaced by 


1/. , sinh kL\H, k . 
sat ALS ore = ae 
5(1 + _ iF E "EV q(1 —cosmn)/n] . . (21) 


= wet aes eae 

5 cosh X(» -- 5) = ge + sinh kL + sinh k(2a — L) ri + 

ae ; kL, [Vn 
i + = sinh k(2a — L)Z,[V, sin (nwx/L)] — p28 ey — cos (naa/L)} |, 
- expression (25) for Mg can be replaced by 


OM e=H,.y+(4+ F;z) cos k(z — L/2)X, [V, sin (n7rx/L)] 


a j{ hol ake i cosh kL — cosh k(2% — oN 


2k LA 
212 V, sin (naa = 
— cosh k(2% — L)S, Faas 


kL. NV» COS nae 
+e sinh k(2a% — L)d', eas MELE 


kL. Vn 
“a + on sinh kL 2X, Eeece ‘7 ned 
i KL? [Vy .. 

. _ Frans E sin (nna) 

ap nV,(1 -+ cos | 98 
es sinh kL 2 +} wee ||’ (28) 
pans given its value according to (27). It is easy to verify that this 
axpression vanishes at both ends of the span. 
12. It is now possible to assess the practical significance of the horizontal 
lacements which (in sections 5 and 6) have been shown to be essential 
o any exact treatment. In (28), the first line represents the terms = ; 


% Hy.y + (H + Hy)» 


—_ 


ioe 


_ vanishing when A differs from n by an odd integer. This may be comparec 
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which would be obtained according to Timoshenko’s equation (3) ; the 
remaining terms appear as a consequence of the displacements u. 
The co-factor of H,/EA, in the second line, may be replaced by 


s| ket — 2) — . sinh kx sinh h(L — a), 


and the expression (20) for y may be replaced in the same way by 


ka 


Yom —$ sinh sinh 5( — 2). 


Therefore the contribution to Mg of the second line in (28) may be writtent 
in the form 


H+ 4H,/ — af 1 
Be oH et  eosh wens ee 
Hy-¥ XG (sapeane* ge 8) (v) 


sca respectively. Now 


where (for brevity) « and f replace = and 


in practice kL/2 (~ 4d/L according to section 10), and therefore « and f 
will not exceed 0-5: therefore, in view of its factor (H + H,)/EA, the? 
quantity (v) can always be neglected in comparison with the term Hz .y; 
which appears in the first line of (28). 

13. The remainder of the terms due to u are most conveniently studied 
by calculating the contributions which they make to the various harmonic } 
components of Mg. Since Mg vanishes at both ends of the span, it can 
be represented by the Fourier series 


Mg = (Mc); sin (w2/L) + (Moo sin (2a/L) 4+. . .ete.. . (29) 
where 


2 (2 ; x 
(Mc), ==| MesindAmadz.. . . . . . (30) 
LJ» L 


Dealing with the remaining terms in this way, it is found that thei 
contribution to (MQ), is given by (H +- Hz) multiplied by 
ke [2 kL sinh kL 
An? 
y n{l + cos (A — n)a}V_(n® — A2 + 442L2/z72) 
po aa mhe atttd tatie 
(A2 — m2)? + 8(A2 + n2)k2L2/a72 + 16K4L4/ar4 


with the contribution to (Mg), of the term (H + Hz)v in the first line 


“ 


a Tee 
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of (28)—namely (H + H;) multiplied by 


ey) + ou sinh kL, 


2 2 


1 + cos (A — n)x}V 
iq xz n{ n 
a "L(A2 — n2)2 + 8(A2 ++ n2)k2L2 [2 + 164A oe 
‘The contributions of V,, according to (31) and (32) are in the ratio 
__ sinh kL wf ole 
_ PE nee FA ge Mn? whenn = A 
x? yp Sah kL P12” Biel 
kL A272 Sy a: gh) 
nd in the ratio 
1 > , 4h2d2 
zal" — \2 +4 =) when nA. 
: ; 1 kL? ; : 
hus when n =A they are roughly in the ratio — ey which will 


e small in practice—more especially as regards the higher harmonics, since 
(see section 12) will not exceed 1. When n = X they are of the same 
rder ; but both will be zero when (A — n) is an odd integer, and both 


TkeL? 


“ill be small (of the order ) when (A — n) is an even integer. 


(n2 — A2)r? 


u are significant. 
as. 14. A further contribution to (M )) in the series (29) comes from the 
term H;,.y in (28). According to (30), when y is given by (20) this is 


an L 
—{ cosh ae — cosh u2 —= 3) sin Ard 
BT. 2 2 L 


2kL cosh = 
kL? 

ie 
xena( =f 4 


= (1 — cos Am) LH, « « (84) 


yuations (31), (32) and (34) give a complete expression for (Mg), ; so 

v the series (29) is definite and can be used in place of (28). 

15. Corresponding with (29) the Fourier series ve 

| Mg = (Mos sin (ora/L) ++ (Moo sin (20a/L) +... . (88) 


. ye used as a valid expression for M g3 and a formula similar to (30%, > 


ey i 


EE ES SS ee 


302 ATKINSON AND SOUTHWELL ON THE 


applied to (16), gives 


L, 
(Mg), = — 2B ome sin An dx (B being uniform), 
L J da? 
= AP? B x a v sin Ar — dz, onan integration by parts . (36) 
2 hjo L 


Referring to section 13 it can be seen that the co-factor of A2n2B/L* 
this expression, is the quantity given in (32). Therefore if 


Ma Meer... 

be similarly expressed by a Fourier series 
M,, = (My); sin (wa/L) + (Mz)e sin (27r2/L) + ..- 
in which by (16), (29), and (35) (37) 
(Mz),= (Me), + (Me), 


then in the expression for (Mz), the quantity (32) will appear conjoin ed | 
with a multiplying factor 


B 
var + (H+ Hy), - - . + «+ (8)) 


of which the first and second terms represent the actions, respectively, of | 
the girder and of the cable. The remainder of (My), is contributed | 
solely by the cable: it consists of a part (34), due to the term Hz. y imi 
(28), and of a part, given by (31) multiplied by (H + Hz), due to the 
terms in (28) which come from the terms in uv. All but this last part of ' 
(Mj), is given by Timoshenko’s theory (sections 4 and 5). 


EA, and B/HI*) which are at the choice of the designer. Before they 
can be applied to any actual example, values must be assigned to these 
quantities. 
It has been shown (section 10) that AZ is approximately equal to 8d/I 
In existing bridges d/LZ appears to lie between 0-06 and 0-1, and th 
higher figure corresponds with a value 0-79 of kL: for this value the 
formulas (31) and (32) of section 13 become | 


__ 0-063235 
Vat 


2 
0-070021 ,, EE + cos (AX — n)m}Vn(n® — 2 -+ 0-25294) 
AL (AZ — n2)2 + 0-50588(A2 + n2) + SES | 


and == Zyl Aya Vall (GAY) + sire ve pe mee 
5a + 02800862, beerc eerie ogee i 
(8 — m2) + 0-50588(A2 -F m2) + 0-063079] 


= ZL B),n Vy) (say)peta te Sale’ Piet: . (82a), 


— 
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7 and the expression (34) of section 14, after substitution for H zt from (27), 
becomes 


n 


Og eae Na 0-013123LA x E 


NO® + 0-063235)~"| » (L — °° nn) 


a3 Pare al t8Y)o ee ees. . (B4a) 


a Tables I, II, and III give, respectively, numerical values of A 
Bn. Cyn for values of A and of n ranging from 1 to 9, 


ig 
t = 
Pi Taste I.—Vauurs or Aj,n X 108, my Equation (314), wHEN kL = 0-79. 


J 


be Values of A 

| Values : 

| ofn 

ye 1 | 2 3 4 5 6 7 8 9 

| 1 |—830307 0 — 5232 0 |—1129 OG |= 410 0 — 193 

a 2 0 — 7193 0 — 5335 0 |—1419 0 j— 576 0 

3 50161 0 — 3163 0 |—4842 0 |—1464 0 |— 640 

oe 4 0 22259 0 —1772 QO |—4324 QO |—1426 0 

ee 5 28822 0 13882 0 {—1132 0 |—3872 0 {—1360 

a6 0 12975 0 9978 0 “\—"786 0 |—3492 0 

7 20307 0 8072 0 T7751 0 |— 577 Oo |—3173 

a 8 0 9287 0 5764 0 6321 QO j— 442 0 
— 9 15703 0 | 5805 0 4446 0 5329 QO |——349 


7 8 9 
1683} 0 783 
0 2466; 0 
7220) 0 2892 
0 7646 0 
31958} 0 7903 


0 «HOssIt3)— 0cee. 
32382} 0 {1053228 — 


wip, 
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Tapie II].—VatueEs oF 10° x oh, ix Equation (344), WHEN kL = 0-79. 


Values of A 
Values of n 
1 3 5 
1 49370-1 1930-58 418-876 152-841 
3 16465-7 643-528 139-626 50-9469 
5 9874-02 386-117 83-7753 30-5681 
i} 7052-87 275-797 59-8394 21-8344 
9 5485-56 214-509 46-5418 16-9823 


Nore.—C),n = 0 when either A or n is even. 


NumericaL Sotutions By THE MzetHop or RELAXATION. 


17. Collecting the results of sections 11-16, 
(Mz), = (2 + Hy) 2A), nV a) 
B 
a (A272 2 + H + Ay)Z lB, nV a] + ZAlCy, 5 Vials Wall (39) 


where according to (27) 
24D kV,,(1 — cos nz) 
Pee c n 
* | 4 Sih RL : 
kL 
= Z[DaVq)] fay; - - - + + + » GOR 


Equations of the same form would be obtained from Timoshenko’s equati on 
(3) and his formula corresponding with (but different from) the Authors’ 
formula (7), but the constants A) ,, . . . etc. would have values different 


TaBLE JV.—Vaves or Dn X L/EA X 10°, rx Equation (40), wHEN kL = 0-79 


Values of n 
1 3 5 7 
L 
Dn XA x 10° ~ i 477317 159106 95463 68188 53035 


Norr.—When n is even or zero, Dn = 0. 


from those which the Authors have calculated on the basis of thei 
modified analysis. Whatever values be adopted, the essential feature ¢ 
the problem is the fact that (M,), is not a linear function of the V’s 
because these also affect the value of H;. Table IV gives, in the cas 
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where kL = 0-79 values of 106 x D,L/EA for values of n ranging from 


will require some modification. The most convenient procedure would 
Seem to be, using the equivalent equation 


oe ey AyX,[(Ay, n+ By, n) Vy] 


x For the reason stated, the normal procedure of the relaxation method 


= HE [Ayn Val + (Wn2 Z + MEBy Vo] 


Sb ZAC), n aN: 
tte ged ai BAY, os) a es. eS (41) 
fo start by neglecting the term in H, on the left-hand side and (by relaxa- 
tion processes of the normal type) liquidate the (M;))’s fairly completely ; 
then to calculate and add to the unliquidated remainders the correcting 
term — H72,[(A),n + By, n)Vn]; then to liquidate the residuals thus 
| Corrected ; then to correct again; and so on. This means that in the 
relaxation process (conducted in the usual way) it will be necessary to keep 
account of Hy, as well as of the (I;))’s. 

_ In the standard notation of the relaxation method, and omitting the 

| term involving H,, in (M z)a, the “ residual” 

ong (Mz), ae (Mz), mae nl Pr nV nls 

| so that initially ; 

- (Mz), = (Mz), (given), pp des 5) 

and in the liquidation process 

(OMy)y _ 
OV, 

4,n is thus seen to be an “ influence coefficient.”) The Operations Table 

ust give the effect on (M,), of all V,,’s, also their effect on Hz, according 

(40). 

ie For numerical illustration of the relaxation procedure the following 

ample, which is generally representative of the Manhattan suspension 

dge (central span)1, will be treated. 

In Fig. 1 (p. 290), 

@ = 145 feet; L = 1,450 feet (d/L =0-1; kL =0-79). 

Also 

= 10-5 x 106 lb. (wp = 5,793 lb. per foot) ; 

== 275 square inches ; . (43) 

£ = 30 X 106 lb. per square inch (assumed) ; 

___ therefore HA = 8,250 x 108 lb.; EA/H = 786. 

1,317 x 109 Ib.-foot? units: therefore B/HL? = 0-0597. ee 

1 J. B. Johnson, C. W. Bryan, and EF. E. Turneaure, “‘ The Theory and Practice of pon 
Framed Structures,” vol. ii, pp. 241-250. New York, 1929. 


= eres 


4 


~. ne —* ee weet 4 ~y . 
a B¢ a 
‘ i Be c, - ts 
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According to (41) 
My —HpZallAan + Br)Val = sppPAO"Pn Vals 
~ where 
| 


2B 
108F), n * 10°] 4a. = is Bin + TS Bae a a x FEA . 


Therefore in this example, according to (43), when H; = 9, 
My, = 10-52, [10°F ) Vn), 


where 


. (44) 
0oF,, = C 
10°F, , = 108 Be + By,» + 0°589A2B), nb ress: | 


Carin 
EA 
have been used to calculate values of 106 x F) , as given in Table V, also 
values of 10° x (A), » + By,n) a8 given in Table VI, for insertion on the ~ 
right and left-hand sides, respectively, of equation (41). 
— For use in conjunction with (42) to investigate different loadings on 
this particular truss, values of the quantities (— H . Fy, andD,) have 
peen derived from the foregoing Tables (as distinct from D,Z/EA in 
Table III). These quantities are recorded in Table VIL: —H. Fra 
is the influence coefficient measuring (when Hy. v effects are neglec ed) 
the change due to V,, in the “ residual moment” (Mz),; D, measures | 
the effect of V,, on H,, (which will require to be calculated in order that the | 
neglected terms of (41) may be taken into account). Thus Table VII is 
an “ Operations Table ” of the standard kind, , 
19. The relaxation process can now be started, once M,, has b een 
expressed as a Fourier series (37). To illustrate it any specified dis 
tribution M,, might have been taken ; but results of more general applica- 
tion are obtained by dealing separately with successive terms in (37)— 
that is, by assuming successively that | 


Mya sin wa/L 
M,, « sin 27rx/L 


The quantities 10° x (4 10 Pr» ) are given in Tables I-III. They 


L. oun 


omy 
_ 


' 


a ae 
x 


7 
ei 


— 


(45) 


7 

——. . . and so on. A description will now be given of the relaxation 
ss process as applied to determine the displacement corresponding with a 
___ loading such that My, = 10° sin w2/L. 
: ; : It may be expected that V, will predominate in the response to a 
_ loading of this nature, and Table VII shows that it has a predominating 
tw effect on (M;), and on Hy. Accordingly, for a first approximation 


ind 


all terms in (41) which do not involve V; may be neglected: then 
Hy= D,V;, by (49), 
= 2715769V4, from Table VII, 


Pi 
; 


— _ — | -—— 
1 | 40382216 


a 0 


3 | 13026124 


‘ 


3 
1664796 
3499096 0 
0 7115251 
119780 0 
0 510951 
34572 | 0 
0 270249 
17561 0 
0 192565 


0 19080 


0 
297551 
0 


10955318 


0 
338562 


85440 


0 
23731 

0 
1049708 


4 


Values of 


402719 
0 
588231 
0 
16605996 
0 
557139 
0 
165248 


Values of A 


1051131 
0 
39709 
0 
12349 


141459 
0 
- 695574 
0 
23365153 
0 
721379 
0 


27208 
0 
1051903 


169918 
0 
254088 
0 
974114 
9 
31447751 
0 
985298 


1052369 
0 
37711 


Taste V.—Vauuzs or F),n X 10%, iy Equation (41), wHEN kL = 0-79. 


294341 
9 

1242666 
0 

40736648 
0 


Taste VI.—Vatuzs oF (A),n + B),n) X 108, In Equation (41), wHen kL = 0-79. 


1052671 
0 


ee | 
—— 


94464 
0 
159021 
0 
394759 
0 
1581646 
0 
51289678 


1052879 


Sum (required 
for checking) 


492714115 

4032921 
21142714 
12065013 
26280354 
24980952 
39421308 
41561028 
56959818 


Sum (required 
for checking) 


1014993 
1068490 
1155022 
1134461 
1163967 
1141548 
1158569 
1116370 
1128122 


Mratore of 

operation 
(1) V,\« 1 
(2) V,i=1 
(3) File 
(4) Vile 1 
(5) Vz=1 
(6) Ve=1 
(1) Va=1 
(8) Ve=1 
(9) Vy=1 


—424013250 


—136774296 


— 81842604 


— 58427478 


— 45433814 


0 


—36740504 


— 1257691 


— 363008 


— 184389 


NE 


—17480360 


—74710127 


— 5364984 


— 2837616 


— 2021931 


— 3124287 


—115030836 


— 3554896 


— 897122 


Values of 1 


— 4228554 


— 6176421 


—174362950 


— 5849962 


0 


— 1735101 


0 


— 1485323 


— 7303525 


0 


— 245334090 


i 


0 


7574480 


(—) 


Taste VII.—Vaturs or — HF) (H IN LB. WEIGHT) AND OF Dn (xB.-Foot Units). 


EEE nl 


— 2667921. 


— 10228201 


— 330201370 


— 10345624 


— 3090577 


13047994 


—427734778 


0 —538541589 


(3) 


(4) 


(5) 


(6) 


Operation and multiplier. 


Vy 


Initial WZ; = 10° x 
= 2-415 


= — 0-564 


= — 0-0386 


= — 0-0073 


= — 0-00218 


=  0-0979 


— 9 a 
Taste VIII.—Rzenaxation PRroomss APPLIED TO THE LIQUIDATION oF A Moment (J/;); = 10° LB.-FHET. 


2 3 | 4 | 5 | 6 | 7 | 8 9 10 11 12 13 
Total ea Residual moments x 10~°. 
v aha Check, AHz,x10-. 
(M1), (M1). (M1)3 (M1), (Mrz); (Mr), | (M1)z | (Mans | (Mx), 
1000-000} 0 0 0 0 0 0 0 (iy 1000-000 
Vi= 2-415 —1023:992| oO |—42-215| o |—10-212| 0 |—4:309| 0 | —2-395 | —1083-123 6-5586 
— 23-992) 0 |—42:215| oO |—10-212| 0 |—4-309} o |—2-395|— 983-123 
V; = — 0-564 77-141| 0 42:137| 0 3-484] 0 1:505| 0 0-942 125-207|  —0-5106 
53:149| 0 |— 0078} 0 |— 6-728] 0 |—2-804] 0 —1-453 42-084 
V; = — 0-0386 3-159| 0 0-207} 0 6-730| 0 0-395! 0 0-160 10-651 —0-0210 
56:308| 0 0-129] 0 0-002} © ||—2-409| o | —1-293 52-735 
V,= — 0:0073 0-427| 0 0-021) 0 0-043) 0 | 2410) 0. 0-121 3-022 |  +0-0028 
56-735 | 0 0-150} 0 0-045) 0 0-001} Oo | —1-172 55-757 
V,= — 0-00218 0-099} 0 0-004] 0 0-004} 0 0-:023| 0 1-174 1:304| —0-0007 
56-834| 0 0-154} 0 0-049) 0 | 0024) 0 0-002 57-061 
V,= 25129 eats) OF pe i711) 0 = 0414 oe 0175| 0 | —0-097) — 43-908 0-2659 
15-323| 0 |— 1557| 0 |— 0-365} 0 |—0-151| 0 | —0-095 13-153 | H,=6-2894 x 108 
— 15-653} 0 |— 0302! 0 |— 0-057; 0 |—0-020} 0 |—0-009|— 16-042 
0:264| 0 3-713 | 0 0-092] 0 0-020} 0 0-008 4-097 
(9 0-008} 0 0-011! 0 0-255} O | 0007| Oo 0-002 0-283 
4 0-001! 0 0-001} 0 0-002} 0 0-048 0 0-001 0-053 
: 0 0 0 0 0 0 | ooo] o | ool4 0-015 
eee —— Oe 


7-1 oe 


a | FS 


| oO a 


——_—$PF | —$—$—$— $$ $f | 


oO | oo eseosoo Sf 


8 


(M. Lg 


Column 1 2 
number: $4 
Residual moments x 10-8, 
Li ‘ Total amplitudes of Fs = 
number. Operation and multiplier. V components. (Mz); (Mz), | (Ms | (Mas | (fi), 
; 1-866 0 
12 Residual Mz, = 10°x Seen as a es 
{13} Y= 00263 Vy — 05887) | — | 8460] 0) = eee rae 
=») WBHsnlyl 0 — 0-024 0 
(14) | V, = — 0-00131 V, = — 0-:03991 0-107} 0 0-007] 0 
— 3-410 0 — 0:017 0 
(15) V, = — 0-00045 V,= — 0:00775 0-026 0 0-001 0 
— 3384 0 — 0-016 0 
(16) V, = — 0-00020 V, = — 0-00288 0-009 0 0 0 
— $375 0 — 0-016 0 
(17) V, = — 0-:00795 V,=  2-50495 3371 0 0-139 0 
— 0-004 0 0-123 0 
(18) Fae 00L 73 Vz = — 0-53697 — 0-237 0 — 0-129 0 
— 0-241 0 — 0:006 0 
(19) Vz,=  0:00014 V; = — 0:03977 — 0-011 0 — 0-001 0 
— 0-252 0 — 0-007 O jxaRO; 
(20) V,=  0-00003 V,= — 0-00772 0 0 0 O- ne 
— 0252| 0 |—0007| 0 ja 
(21) V, = — 0-00059 V,= 250436 0-250 0 0-010 Oo | 0-002 | 
— 0002} 0 | 003} 0 | o 
(22) H,.v effect of V, — 15-601 0 — 0:301 0 ee 05" 
(23) » » Ves 0:252| 0 3-535 | 0. NO: 
(24) ” Fo We 0-008 0 0-011 O jaeaG: 
(25) 53 » Vy 0-001} Oo 0-001 0: 
26 Vv 0 ; 
(26) ” ” 9 0 0 0 0 ’ 
(27) Sum |— 15-342 0 ; ag : 
(28) Hyz.v effect accounted | for — 15-380 0 aaa ‘ i 0. 
(29) Residual M, = 10° x 0-038] 0 |—o1al o ie 


( L)y 
—0-095 
—0-067 


—0-162 
0-013 


—0:149 
0-149 


0 
0-002 


0-002 
0-014 


0-016 


—0-005 


0-011 
—0-001 


0-010 


—0-010 


0 
0-001 
0-001 

—0-020 
0-019 
0-007 
0-051 
0-001 


0-059 
0-056 


0-003 


(M1), 


oo oo Se 


oo 


o|ocoo;]ocooooo 98Oo/ OS eoo|;coo|;oo|]oo 


0-042 


| 0-109 


—0-001 


(M1), 


—0:079 


0-005 
—0:116 
0-007 
0-108 


—0-001 
0-008 


0-007 
—0-003 


0-004 
0-003 
0 


0-003 
0-001 
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: and thus equation (41) reduces to 

he: 109 — 2716000(4, 1 + By 1)V\2 = 10-5 x 10®F, 4.V4, 
or to : 

ve 103 — 424V, — 2-69V,2 = 0, by Tables VI and VII. 


The positive root of this equation is given by 


Tier SANG res ih RE. ete ch (AG) 


i. 
The large negative root is plainly inadmissible. 

_ 20. Equation (46) gives a suitable first operation for the relaxation 
‘process (exhibited in Table VIII). This may be summarized as follows :— 
First, using in line 1 the operation suggested by (46), it is found that this 
' liquidates the greater part of (M,), at the cost of introducing other 

_* harmonics ”’, fairly small in amplitude. The resulting change in H,, is 
a Iso recorded in its appropriate column (column 13)—namely, 


AH, =2-415 x D, = 6-5586 x 106 lb., from Table VII. 


| Next the greatest “residual” is liquidated (in this case (Mz)3) by an — 
_ appropriate displacement (V3) chosen with the aid of Table VII, and this 
| process is repeated until (17,), has been reduced to 15-323 and the other 
residuals are all negative and small. At this stage (that is, after six 
operations) the 4H ,’s are summed to obtain H, = 6-2894 x 106 lb., as 
_ shown in the last column of the addition following line 6. 

_ H,, is required in order that allowance may be made for the terms in 
(41) which have been neglected hitherto. The quantity 


aH Zyl(Ay 4 + By) Val; 


taken with due regard to sign, evidently represents an addition to the 
“residual” (M;),: that is to say, any one displacement V,, will entail, 
by reason of the terms so far neglected, additions to the first, second, . . . 

siduals given by ; 


Vg x (Ain + Bis); (Agn + Bon); yo etc], Cary: (47) 


nd these, when H;, is known, can be calculated from Table VI. 
Lines 7 to 11 of Table VIII are derived in this manner. Thus the © 
res in line 7 represent the quantities (47) when n = 1, Vj, has its value 
29 as recorded in column 2, and H, has its value 6-2894 as recorded _ 
column 13. The figures in lines 8-11 are found similarly, and in 
12, by addition, correct values of the residuals are obtained which 
It from the V’s recorded in column 2. A line drawn right across the 


‘ 
i 
4 
' 
4 
' 


iven in line 12 computation, in effect, starts afresh. pee 
Lines 13-21 relate to further “relaxations” performed in the _ 
ner of lines 1-6, and the summation after line 21 gives, in their 


ee. — 


le and immediately above line 12 serves to indicate that with the ie . 


j/ 


girder from their “ dead-load configurations ’’, and in (26), » sech2h( « — a | 


_ whereby they can be modified to make the solution “ correct.” Calcula- 
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appropriate columns, the new value of H;, and new values for the residuals. _ 
The latter have already been partially corrected for “ Hz. effect” in 
lines 7-11: to complete the correction (in lines 22-26) additions are made 
representing (47) for the new values of Hz and of the V’s as recorded in. 
column (2) ; but after a further summation the corrections made previously 
in lines 7-11 are subtracted (line 28). Thus the figures in line 28 
are summations of the figures in lines 7-11, and line 29 gives the result _ 
of subtracting line 28 from line 27. Again a line is drawn right across 
the Table, immediately above line 29, to indicate that with the data there 
given computation would start afresh. } 
Actually the residuals in line 29 are so small in relation to the initial _ 
moment (M,); = 1,000 that the solution can be accepted. The dis- 
placement components Vj, Vs, . . . Vg which correspond with this initial 
moment have been found, and this result is recorded in the first line — 
of Table IX. Similar calculations, not reproduced here, have led to the’ 
figures given in the other eight lines of the Table. 
The calculations are simpler as regards the “even harmonics” — 
(Myz)o, (Mz)4, . . . etc., for the reason that the “ H,.v effect” is no 
longer present. (This can be seen from Table VII, where Do, Dy, . . . ete., 
are Zero.) 
22. In section 9, v was defined as the vertical displacement of cable and 


was expressed as a series of harmonic terms involving V;, Vo, . . . etc. 
Thus v can be deduced from Table IX. } 
Of more importance in practice is the partition of load between cable 
and girder. The moment sustained by the girder is easily determined ; 
for in (41) the girder contributes to (Mz), by the term j 


B 
(Mg), = Pr? ZLB, nVals - ee. ty ee 


and thus, when the V’s are known, (Mg), can be deduced from Table II. — 

23. Because the M’s are not linear functions of the V’s, it is not 
possible by simple multiplication to deduce the V’s for other values of 
the applied bending moments. V’s calculated on this basis will, however, 
constitute a very good starting assumption for a process of relaxation 


tions made in this manner have led to the results shown in Figs. 3-5 
(pp. 310-311), where the abscisse give the multiplying factors By, and 
7 by which V,, and Hy, as deduced from Table IX on the basis of simple. } 
proportionality must be increased. Both factors, of course, depend upon. | 
the nature of the applied moment: Figs. 3, 4 and 6 give their values as 
related with (M;);, (Mz)3 and (Mz)s respectively. It will be seen that in 
every case the factor is represented closely by a linear function of the M. 
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| 24. For the same reason correct results will not be obtained for a 
_ specified loading by superposing the V’s found from Table IX for the 
~ component M’s considered severally. The V’s so calculated, however, and 
_ the “ H,,” which corresponds with them according to (40) and Table VII, 
will constitute a very good starting point for a relaxation process, con- 
ducted on the lines of Table VIII, by which they can be modified to give 
a * correct ” solution. 
25. To summarize this second part of the investigation :—In Tables 
‘LIV, values appropriate to any truss having a dip/span ratio of 0-1 
have been given to four quantities (4) n, By,ns Cr,n» Pn) which occur 
in the relations between loading, deflexion, and cable-tension. Values 
_ appropriate to other dip/span ratios are easily calculable. For a particular 
ss (representative of the Manhattan suspension-bridge) the Authors 
have calculated appropriate values of the derived quantities —H.F),, 
(Table VII), and they have used the relaxation procedure to deduce the 
flexions which result from particular (harmonic) loadings. Similar 
ethods can be applied without difficulty to any particular truss. Finally, 
ey have examined the extent to which superposition is permissible, and 
‘they have indicated a procedure whereby, when estimates have been — 
tained by superposition, the resulting errors can be corrected. Applied — 
stematically, their methods enable a designer to examine, quickly and — 


7 


312 ATKINSON AND SOUTHWELL ON THE 


= ly 


accurately, the effects of any loading which may be imposed upon a. 
contemplated truss. 

In this Paper (to focus attention on principles) conditions of simpll 
support have been assumed for the girder. By obvious modifications 
it can be extended to other terminal conditions, and little more difficulty 
is presented by a ne of which the flexural rigidity varies along its 
length. 


This Paper i is accompanied by five sheets of diagrams, from which the 
Figures in the text have been prepared. 
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Discussion. 


_ Professor Southwell observed that the principles that underlay 
the type of construction known as the stiffened suspension truss were 
asfollowed. Since the cable, although it was sufficiently strong to support 
the load on the bridge, was not sufficiently stiff to prevent excessive move- 
ment of the decking, a girder was necessary to carry the latter; vertical 
connexions (the suspension-rods) had to unite the cable and the girder, the 
cable taking the major share of the load whilst the girder acted as a distribu- 
tor. That truss, taken as a whole, was a redundant and not a simple 
structure ; like any redundant structure, it was capable of being self- 
strained. Since it was redundant, statical considerations did not enable 
the proportions of the given load taken by the girder and by the cable to 
be ascertained, yet without that knowledge the dimensions of the structure 
could not be settled without risk either of danger on the one side or of 
waste of material on the other. That, stripped to its essentials, was the 
problem of the stiffened suspension-bridge. 

_ Certain simplifying assumptions had been made in the Paper. For 
example, the vertical suspension-rods, since they were loaded, would 
stretch ; but it would complicate the analysis and bring no compensating 
advantage if that factor were taken into account in a first treatment, so 
the Authors had assumed that the vertical deflexions of the girder and 
of the cable were the same. Again, the ends of the girder might be fixed, 
but they were regarded in the Paper as simply supported; the cross 
section of the girder might (and for economy of material presumably 
should) vary from point to point along its length, but in the Paper the 
girder was treated as being of uniform cross section. All the essentials of 
the problem were shown in Fig. 1 (p. 290), without any of the inessentials. 
" With great diffidence (for a cautious man did not readily differ from 
Professor §. Timoshenko) the Authors believed that they had detected an 
error in Professor Timoshenko’s treatment of the problem1. Professor 
Timoshenko took no account in his analysis of the horizontal component 
of displacement that was bound to accompany the vertical displacement, 
of which he did take account ; yet if the horizontal displacement, u, were 
# 


a 
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1 Footnote (1), p. 290. 
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neglected, then the resulting tension in the cable did not satisfy the con. 
dition that its horizontal component had to be uniform. Pro D 
Timoshenko apparently missed that point for a very curious reason.) 
namely because he derived his expression for the cable-tension by an 
ingenious energy-proof. Assuming that points on the cable came down 
purely vertically when the live load was applied, he calculated the work! 
done by the load in consequence of that descent, and equated that workt 
done to the total increase of the strain-energy stored in the cable. Tha 
at first sight seemed satisfactory, and it was easy in imagination to put 
in frictionless constraints which would compel the cable to come down 
purely vertically : if they were frictionless constraints they would do n 
work, so that no work would be done against them, and they would no 
enter into the energy-equation. Nevertheless, those constraints would: 
have to exert horizontal forces, and those horizontal forces would impair 
the constancy of H. That was the Authors’ reason for differing froms 
Professor Timoshenko. The result of the Authors’ analysis of the move 
ment of the cable was equation (11) (p. 295) including a term involving %,| 
the horizontal displacement. Moreover; u also appeared in equations (6) 
and (7) (p. 294), which related to the increment of cable-tension due to: 
dead load, and it greatly complicated the analysis. 
The Paper then dealt with the quantitative aspect of the moveme nt. . 
The formulas would have been very complicated if the cable form we e: 
assumed to be a parabola, but it was relatively simple if it were assumed} 
to be a catenary : for ordinary dip/span ratios the two curves could hardly? 
be distinguished, so the Authors had assumed the catenary form fort 
simplicity instead of the parabola. They also assumed that the ive! 
loading which was to be investigated had been represented by its associate | 
bending moment according to the rules of statics, and so they did not refer 
to a live loading wz, but to a bending moment My, to be taken jointly by 
the cable and the girder. They then proceeded to study the effect on Mo 
and on Mg of each harmonic component of displacement. The effect ¢ f 
the terms involving w (neglected in Timoshenko’s analysis) were found to 
be important only in relation to the first, second, and possibly the thi d 
harmonics of the curve of deflexion, but were nevertheless important, 
because it was precisely those harmonics that usually predominatec 
Equation (39) (p. 304), giving the effect of the n‘* harmonic of displaces 
ment, V,, on the live-load moment, My, contained a factor H;, denoting 
the increase in the cable-tension which resulted from the deflexions, and 
itself given by equation (40). Every deflexion not only altered the shape 
of the cable on which the cable-tension could do its work, but also altere 
the cable tension which was to do the work. In consequence superpositio: 
was not applicable, and a result found for a particular magnitude of bendin; 
moment could not simply be doubled or trebled to find the effects of twice 
or three times that bending moment. The non-linear form of equatio! 


a 
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(39) was the essence of the difficulty, both in Professor Timoshenko’s 
analysis and in that of the Authors. 

__ Even if the horizontal displacement were purely sinusoidal, according 
to equation (39) the bending moment would not itself be strictly sinusoidal : 
a second-order term came in on account of H;, and therefore a solution 
eould be found only in relation to some particular bending moment. So 
before numerical results could be obtained it was necessary to have values 
for the size of the cable and for the stiffness of the girder: in section 18 
(p. 305) of the Paper the Authors had adopted figures which were generally 
representative of the Manhattan bridge. It was shown that a single 
harmonic of M, entailed first, third, fifth, seventh, and ninth harmonics 
in the displacement, Calculations had been done for nine harmonic forms 
of M,, so that if the values of Mz, could be simply multiplied then the work 
would have been finished : since, however, Hooke’s law did not apply to the 
problem, supplementary calculations had to be made for different values of 
M,. Figs. 3, 4,and 5 (pp. 310-311) showed how much the results had to 
be multiplied for different values of the bending moment: if Hooke’s law 
had applied, the multiplying factor would have been 1 for every value of 
the bending moment, and all the lines shown would have been vertical. 
What was unexpected and fortunate, was that they were very nearly 
straight lines ; the Authors had calculated three points on each curve, and 
a straight line was a sufficiently accurate representation in each case. 
Given those three diagrams plus the Tables, a designer could deal with 
simple harmonic bending moments of any magnitude. 

_ The last point to which Professor Southwell wished to refer was the 
question of superposing different loadings, As a first approximation it 
might be assumed that the principle of superposition did apply to the 
problem : thereby allowance would be made for a large part of the bending 
moment, but a part would still be unaccounted for ; one application of the 
relaxation process, however, would then be sufficient to account for the 
remainder of the bending moment. The Authors had not given an example 
of that further process, because it was so much like Table VIII (facing 
». 807 ); but Mr. Atkinson had specimen Tables, and if necessary they 
sould supply one to be included in their reply to the Discussion. The 
Authors did not think, however, that it was necessary. As stated in 
section 24 (p. 311), the assumption of superposition, although not correct, 
forded a very good starting point for a relaxation process, conducted on 
ihe lines of Table VIII, by which final corrections might be determined. — 

_ Professor A. J, §. Pippard remarked that the essential difficulty in 
he whole analysis of the suspension-bridge problem was, as the Authors 
ad pointed out, the non-proportionality of load and displacement. ie 
t were not for that, the ordinary methods of structural analysis could 
9¢ applied, and with a certain amount of hard but perfectly straightforward 
rork of the usual type it would be possible to obtain an exact solution” 
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for any conditions of loading for any type of structure of the kind 1 
question which the engineer cared to use. That was always done in texti 
books, and was known as the elastic theory of the suspension-bridge 
That theory involved a great many troublesome points when criticall: 
examined, and it was only by the work of Professor J. Melan, and o 
a number of American engineers and scientists, that the matter had beer 
put on a rational basis. The latest work was by Professor Timoshenke 
to which the Authors had referred. The result of the more exact analysi 
was to show a great economy in material in long-span bridges. 

From the theoretical point of view the value of the present Paper lax 
in the fact that a term neglected by Professor Timoshenko, namely th 
horizontal displacement of the cable, had been introduced and dealt withi 
As Professor Southwell had pointed out, however, the theory was still 
incomplete, and Professor Pippard was not at all sure that it was quité 
legitimate to assume the hangers to be inextensible ; he would like té 
know the effect of that neglect compared with the effect of neglecting 
value of u, the horizontal cable-displacement. He felt that they were 
comparable in magnitude, and that if it were necessary to take u std 
account it would also be necessary to take account of the extension of che 
hangers. Perhaps something had been done on that, but it was ne 
included in the Paper. 

One unfortunate omission in the Paper was that no numerical valud 
was given of the effect that u had upon, say, the cable-tension. Wheth ' 
or not it was worth taking the effect of u into account would depend a 
great deal upon the numerical value. It was possible that the Author © 
had made that calculation and could give some actual values; they had 
considered as an example the Manhattan bridge, which had also beer 
dealt with by Messrs. Johnson, Bryan, and Turneaure and by Profi eSSOr 
Timoshenko. It would therefore have added greatly to the value of 
present Paper if the tension due to live load could have been included. 

Professor Pippard did not like the Authors’ definition of the term Mg 
which was referred to (p. 296) as that part of M; which was transmit od 
from the girder to the cable ; again, in Professor Southwell’s introductory 
remarks words were used which seemed to imply that a bending mome! 
was transmitted to the cable. One of the assumptions was, however, that 
the cable was flexible, and the essence of a flexible cable was that it could 
not take any bending moment. It was unfortunate, therefore, that the 
definition of Mg had been given in those terms; and he thought that it 
would have been better to have defined Mg as the relief given to the bending 
moment which would ordinarily be carried by the girder due to the trans- 
ference of load from the girder to the cable. He was not criticizing the 
mathematics in any way, and the Authors’ method was convenient, bi 
the statement to which he referred might have been made clearer to th 


engineer. 
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_ The Authors had taken the catenary as representing the cable-shape, 
ynd that was perfectly justifiable. In actual fact—it might be of interest 
© have opinions on the point from those who had designed suspension- 
sridges—he was not sure whether the curve used was a catenary, a parabola, 
ir something between the two. It was true that the two curves were very 
lose, but he would like to know the actual effect of the horizontal dis- 
jacement wu, in order to see whether or not it might not be entirely 
wamped even by small differences between the actual shape of the cable 
is erected and the assumed shape. 
; One point which was not clear was the reference throughout the Paper 
© the bending moments and their expression as Fourier series. Professor 
Southwell was probably a little optimistic in suggesting that it was an 
veryday performance to do Fourier series, and the value of the Paper 
vould be increased if the Authors would include a note to explain that 
he first step was the drawing of the bending-moment diagram from 
he given live loading, and the next to express that bending moment as a 
fourier series. 
_ There was one point which he did not follow completely in Professor 
Jouthwell’s demonstration of the constancy of H. Professor Southwell 
ave the impression that the constancy of the horizontal component of 
ension was dependent upon the elastic stretch of the cable. Even if the 
able were inextensible, whilst remaining flexible, there would still be a 
hange in the horizontal tension when a live load was put on the bridge. 
_ Professor Southwell and his pupils had in the last few years given a 
reat deal of time and thought to the development of the method of relaxa- 
ion, but so far as Professor Pippard was aware the present Paper was the 
rst time that it had been applied to the problem of a structure which 
id not obey Hooke’s law, and from that point of view the work marked a 
tage in the development of the theory of structures. 
_ Mr. J. S. Wilson remarked that the Authors had made allowance for 
robably more of the disturbing influences than had been done in any of the 
arlier mathematical investigations ; although the solutions seemed almost 
90 complex for application, the Authors had overcome the difficulty by 
howing how the “relaxation” method made it simple. An engineer 
esigning a stiffened suspension-bridge had to visualize and appreciate the 
etual conditions, and compare them with those assumed in any theoretical 
reatment the results of which he proposed to rely on in his design. Some 
‘the conditions, about the existence of which the engineer could have no 
oubt and which were ignored or only partly taken into account in mathe- 
atical treatment, were : 
Vith the live load on the bridge the whole length of the ropes between the 
shorages would stretch and the ropes would either move on the tower- 
ie or the towers would be allowed to rock slightly, the points of 
ispension not being fixed in the mathematical sense. _— 
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The modulus of elasticity of the main suspension elements would no 
be the same as that of the stiffening girder. In comparatively sma 
bridges—Mr. Wilson had not been concerned with any very large ones—thi 
ropes were made up of cables bunched together, and the modulus of e 
ticity of those cables was comparatively low. In the case of some rec nt 
bridges the cables had been pre-stressed in order to obtain a higher modulut 
and to make it more or less constant, but even so it was comparatively lov 
and could vary considerably. | 

The hangers were spaced at appreciable distances apart, and the ro Pe 
took up a polygonal shape rather than a smooth curve. They were oftex 
made of cables with a modulus probably lower than that of the m 
cables, having regard to their end connexions, and were of appreciabl 
length ; under live load they would certainly stretch. They were of ion 
fitted with screwed couplings for adjustment, and any want of accuracy iil 
their adjustment would affect the stiffening girder. 

Such influences might or might not have a big effect, and in the Pape 
the Authors demonstrated that certain effects were either negligible o¢ 
could be accounted for. 

Mr. Wilson had used the Résal! method of design. It had the gr 
advantage that the results could be shown graphically. Résal regarded th 
problem as similar to that of an inverted arch. Applied to the stiffened! 
suspension-bridge problem the process consisted of drawing the polygon 
for the loads which were the sums of the dead and unevenly distributed I 
load at each point. The exact length of the polygon between the points o 
suspension was calculated and then a polygon of that length to suit the 
dead loads was drawn. The bending moment at any point in the stiffening 
girder was the product of the horizontal component of the cable-tensi 
under combined dead and live load and the intercept between the tw 
polygons at the point. In developing his mathematical investigation Ré ni 

_ considered the influences of the errors introduced by the various assump 
tions, and was satisfied that the method was substantially accurate for the 
proportions and conditions met with in practice. 

Mr. Wilson had found that for specific cases the bending momen 
obtained by the Résal method agreed very closely with that derived fr 
Max am Ende’s equations 2. 

It would be very helpful if the Authors would examine the F 
method, for it was direct and not too difficult to apply to practical case 

As it appeared to be impracticable to solve the problem mathematically 
if allowances were made for all the serious disturbing factors, the situati 
pointed to the need of carefully made experiments on a model or a smal 
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bridge in which all the factors would have effect and could be varied. It 
would then be possible to establish the accuracy, for practical application, 
of the various approximate methods. 

Miss Letitia Chitty observed that the Authors had deduced equation 
(11) to replace equation (3), which corresponded to Timoshenko’s equation. 
The Authors were not the only people to criticize Timoshenko’s equation ; 
Professor Hans Rode, in his criticism of Timoshenko’s Paper, pointed out 
that the complete equation had not been taken. Unfortunately, he had 
not himself given the complete equation in that discussion; he had only 
given it with the simplification of u and V so connected that the cable was 
in effect inextensible. Professor Rode was killed in 1930, and she did not 
know whether or not he had continued and published the full theory. 
Phe Authors said on p. 297 that they could neglect extension in the cable 
when it was subjected only to dead loading. 

_- Most of her other criticisms of the latter part of the Paper had been 
answered. She had been tempted to continue the calculation herself and 
fo analyse harmonically the bending moment corresponding to a load over 
1 quarter of the span, as she would have liked an answer giving a com- 
parison of their results with those of Timoshenko and of Johnson, Bryan, 
md Turneaure, but she noted that the Authors had assumed a different 
value for Young’s modulus from Timoshenko. 

_ Mr. E. §S. Needham said that for a clear picture of the functioning 
if the stiffening truss under load, he would like briefly to refer to a diagram 
n a Paper published in the Proceedings of the American Society of Civil 
Mngineers, and to the discussions which had appeared in subsequent issues of 
he Proceedings throughout 1938 and in January, 1939. That diagram 
Fig. 4 in that Paper 1) represented the deflexion of the cable and of the 
tiffening truss under the partial live load which produced the maximum 
noment at the quarter-point. The final position of the stiffening truss 
md cable was shown on that diagram, and it was a compromise between 
he original dead-load position of the cable and the deflexion-curve of 
he unstiffened cable. The maximum vertical distance between the 
instiffened-cable curve and the final curve represented the degree of 
igidity provided by the stiffening truss. _ 

It would appear that American engineers engaged in the economics — 
f long-span suspension-bridge design had not found the answer to the 
woblem of what degree of rigidity to provide or of how flexible the stiffening 
russes might safely be made. Mr. O: H. Ammann concluded that : 

4 “ both the criteria for rigidity and the factors involved in the design of 
an adequate and economical stiffening system are so complex that an 
attempt to devise formulas or rules of design on a theoretical basis 


S. Hardesty and H. E. Wessman, “ Preliminary Design of Suspension Bridges.” — 
roc. Am. Soc. C.E., vol. 64 (1938), 7. 69. (January 1938.) a 
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appears fruitless. In smaller and lighter structures the princip a 
object is rigidity against vibrations or oscillations which may bol 
detrimental to the structure as well as objectionable to traffic. 
the bridge increases in span and weight, this object becomes less and 
less important, except in the design of the floor system. In fact, the 
flexibility of the structure as a whole becomes advantageous, because 
it tends to reduce local impact effects and vibrations. The principal 
purpose of limiting deflexions and other deformations of the main 
carrying system in long spans is to avoid excessive gradients in the 
roadway and to prevent deformations that may result in excessive 
local bending, distortions or transverse tilting of the floor structure 
Limiting grades may be important in bridges carrying rail traffic, but 
for modern highway traffic even that object loses significance, because 
the grade changes that may be actually produced in a well-designit 
structure are not sufficient to form a serious impediment to traffic.” 


The trend in American practice was towards greater flexibility in ti 
stiffening truss. The old rule for the appropriate depth-ratio was between 
qo and #g of the span length. The George Washington bridge, of 3,500-foot) 
span, was designed with a truss 29 feet deep, a depth-ratio of only zap 
The Golden Gate bridge, with a span of 4,200 feet, had trusses 25 fee 
deep, a ratio of zgg. The latest development was in the design of the 
Bronx-Whitestone bridge in New York, with a centre span of 2,300 fe 2 
which was stiffened by plate girders 11 feet deep, a ratio of gig. The 
George Washington bridge was designed with double deck, but up 1 
the present time the railway deck had not been constructed, and the: 
road traffic was carried on a completely unstiffened deck. That radical 
departure from conventional practice was permissible because of the enor- 
mous dead load in the cables. It would appear, therefore, that the choice 
of a stiffening system wag based on experience, judgement, and economy. 
It had to be remembered that the stiffening truss usually served also 
as the boom or chord member for the horizontal transverse wind-bracing 
system. In the case of the Golden Gate bridge stiffening trusses, the 
stress due to live load was only 30 per cent. of the total stress, and the 
remaining 70 per cent. was due to transverse wind load. 

Having chosen in a preliminary design the characteristics of the stiffen- 
ing truss, the final calculations of the shears and bending moments entered 
the field of higher mathematics of the type described by the Authors, whieh 
he would not attempt to discuss. It was generally assumed that the 
maximum moment in the stiffening truss occurred at the quarter-point 
but Mr. L. 8. Moisseiff had pointed out, in the discussion of the Paper! 
referred to, that that was not the case in long-span bridges. In the Golder 
Gate bridge Moisseiff had found the greatest positive moment to be 10 p 


1 Footnote (2), p. 319. 
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cent. greater at one-eighth of the span-length from the tower. In the 

Whitestone bridge the maximum moment was found to be 23 per cent. 
greater at one-tenth of the span-length from the tower. If the Authors 
had carried their investigations as far as determining the point of maximum 
bending, it would be of interest to know whether their results confirmed 
that discovery. 

_ The Chairman made certain remarks of*a preliminary nature, but 
asked that they should not be published, as he wished to amplify them 
in writing!. 

_ Professor Southwell, replying first to Professor Pippard, said that 
‘Mr. Atkinson had done the detailed work and could probably give a good 
deal of the information asked for. With regard to the constancy of the 
horizontal tension H, really there were two questions involved. First there 
was the question whether or not the tension remained constant (that was, 
uniform) throughout its whole length: it always did if the loading were 
Vertical. Then there was the question whether or not the horizontal 
component of tension remained constant throughout time; it did not if 
the loading were altered. 

_ On the question of the use of M instead of w, he pleaded the excuse 
that he had followed Professor Inglis: it was his association with Pro- 
fessor Inglis on the Bridge Stress Committee that first made him realize 
hat it was better to talk about the bending-moment diagram associated 
with a given transverse loading than about the loading itself; a far 
better sense of what was structurally important was obtained by looking 
+ the bending-moment diagram than by looking at the loading curve. 
Again, through that association he had come to think of the drawing of a 
ending-moment diagram and of its analysis into harmonic components 
the Fourier series was hardly in question) as almost a routine matter. 

__ As for the assumption of a catenary for the cable form, he thought that 
merely drawing out a catenary and parabola of practical dip/span ratios 
ould show satisfactorily that there was no way in which that difference 
yould be sensible. Perhaps Mr. Atkinson would investigate the matter 
nd given numbers, but Professor Southwell thought it permissible to trust 
intuition in that matter. It was otherwise with the question of 
u-effect.”” 

Regarding the definition of Mg as bending-moment transmitted to the 
ble, that again turned on the use of M to represent w. It was true that 
ually it was loading that was transmitted to the cable, but it was 
venient to represent that loading by its associated bending moment Mg. 
ypting Professor Pippard’s definition as more precise, he still ventured 
fier slightly from Professor Pippard’s view: he would say that an 


Professor Inglis’s remarks will be published with the Correspondence on the _ . 
.—Szo. Inst. C.E. 
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ordinary cable hanging in a catenary did sustain a bending moment, 
virtue of its shape and of the horizontal forces applied to its ends 7@ 
sustained the bending moment which was necessarily associated with 
vertical load, just as effectively as a girder. That, however, was only @ 
matter of terms. 
The omission of numerical values for the effect of u had been remarke 
with regret. The Paper was completed last summer, and since that tim 
Mr. Atkinson had been out of Professor Southwell’s reach; but he was 
continuing the work for a thesis, and would doubtless be able to prods 
some illustrative results. It was not possible, however, to quote definites 
numbers, because of the failure of proportionality : a different figure held 
in every case, and it would not be possible to do more than give one or two 
illustrations. 
Professor A. J. S. Pippard, interposing, said that he had been thinking 
of the case of the Manhattan bridge. 
Professor Southwell said that even for that one bridge a differen 
figure would apply not only to each type of loading, but to every ma ni 
tude of a given type. He thought the best thing to do would be to me di 
the difference between H,, as given by ‘Timoshenko’s formula and Hy as 
given by their own ; but as a rough indication Mr. Atkinson had told k ma 
that evening that he had made a calculation which showed that the 
omission of the u-term made a difference of about 19 per cent. Professor 
Southwell did not find that result surprising, in view of the enormous 
extensions which would be entailed by purely vertical displacements. 
In regard to the neglect of extensibility in the hangers, he thought its 
nature could be seen by intuition; the hangers could be extended elas- 
tically only by a very small fraction (less than zg/5q) of their length and 
the consequence of the extension would be that the girder would go de 
farther, but only slightly farther, than the cable ; therefore a little more 
load would come on the girder than would come on it if the hangers were 
rigid, as the Paper had assumed (the amount would be easy to investigate 
by relaxation methods). ; 
He agreed that the mathematics that had been required were regrettably 
complicated, but the Authors had done that part once for all, and nothing 
more was required of the designer in relation to future calculations than @ 
mere substitution of numerical values in the resulting formulas. 
Mr. Wilson had raised three points to which answers were required. 
The Authors did not suggest that harmonic components should be used to 
represent the curve of live loading, but to represent the bending-mom 
diagram (which was, of course, the curve into which a flexible catenary 
would hang under that loading), It was an entirely different matter te 
turn a curve of that sort, without steps or sharp angles, into a number of 
harmonie components (for example, even without calculation, it could be 
seen fairly clearly how much would be accounted for by the first component) 
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The construction of a bending-moment diagram corresponding with a given 
system of loads was a problem familiar nowadays to every engineering 
student: when that had been done, the resulting curve yielded very 
tapidly to harmonic analysis. 

_ Another point related to the effects of guy wires which permitted some 

yielding of the cable-supports, of finite spacing and extensibility of the 

suspension-rods (extensibility of the cable, however, had been taken into 
account by the Authors), and so on. Those were practical complications 

‘thaking for less simple conditions than had been assumed in the Paper ; 
he was confident that all could be dealt with (the value of Young’s modulus 

for the cable had, however, to be known), but it was evident in advance 

that they would make the problem harder and that in consequence the 

“mathematics would be even more complicated. The same question would 

‘arise if and when they came to investigate the accuracy of Résal’s method. 

If the Authors were to test whether the method was accurate, they would 

have to bring it up against an accurate standard of comparison—such 

as they hoped their own work provided : it would be rather hard if in the 
end they were again told that their results were unsuitable for practical 
engineers. 

_ Mr. Needham’s contribution had gone outside his own knowledge and 
experience and beyond the scope of the Paper, but its concluding remarks 
‘had gone to strengthen his conviction that the question to which the 
‘Authors had addressed themselves would arise in the designer’s mind 
whatever else was there as well. There would be a great deal more in the 
¢ lesigner’s mind, but the question of how a simple truss behaved, and of 
‘what was the partition of load between girder and cable, was one which 
‘could not be avoided. Mr. Needham had given a rule from an American 
‘Paper which seemed to be much the same as that which Mr. Wilson had 
‘put forward, and Professor Southwell could only repeat that his intuition 
ailed to tell him whether it was even approximately correct, although he 
ould well believe that it might be so. 

_ He had dealt already with the suggestion that account ought to be 

ken of the extension of the suspension-rods ; to the similar suggestion 

tegarding the horizontal displacement, wu, of the girder itself he would 
eply that if it were necessary to examine the effect of horizontal dis- 
acement, wu, in a girder forming part of a suspension-truss, then it would be 
necessary to do so for every girder, whether under a cable or not. Reasons 
could be seen why wu on the girder would be free to occur and why nothing 
serious would happen when it did: but, on the other hand, reasons could 
be seen why suppression of uw in the cable would make a very big difference 

Ba stretch of the cable, and therefore a big difference to the tension in 

the cable. Professor Southwell would not be prepared to recommend 

Mr. Atkinson to look into the question of the u effect for the girder, because 

elt certain in advance that that would have no appreciable effect on the 
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question of partition. It was just a question of how the girder behaved 
under what it had to do for itself. 

He would sum up by saying that he saw the problem as followed: ; 
the physical problem could not be made any simpler than the Paper had | 
made it, without cutting out something essential. If it were thought that ; 
the Authors had made it too simple, he could only reply that the present ; 
Paper was a first step, and that anything more taken into the basic analysis } 
would have made the mathematics even worse. There was no doubt; 
whatever that loads could not be superposed, and to that extent ne y 
methods were necessary, as was evidenced by the number of new methods | 
(including Professor Timoshenko’s) which had been proposed for ee | 
the problem with which the Authors were dealing. By showing what i 
adequate treatment of the single span entailed, and by showing that, , 
although it entailed a great deal of basic analysis, the resulting equations | 
proved to be tractable by the relaxation method, he felt that the Authors | 
had put themselves and others interested in a position from which they 
might go on with confidence to other problems, such as those of two or t ' 


spans, and so on. 
In completing his reply in writing, Professor Southwell pointed mt 


that although the point was made in his opening remarks, he was not ; 
whether or not all those taking part in the discussion had fully apprecia i} 
that the simplified problem which was treated in the Paper was identical _ 
with what had been treated in Professor Timoshenko’s, and that both 
Papers were alike in their use of harmonic components as a representati 
of specified loading actions. If the Authors had been able to accept | 
Professor Timoshenko’s analysis in its entirety, then the only purpose 
which a new Paper could have served would have been to indicate the 
utility of the relaxation method as an alternative to Professor Timo- - 
shenko’s detailed treatment: equation (3) would have been the starting | 
point, and section 17 would have become section 1. Actually the question 
of “ u-effects ” presented itself, and necessitated the lengthy mathematical _ 
investigation which formed the first part of the Paper. That resulted in an 
equation similar to Professor Timoshenko’s equation (3), but different in 
that it contained additional terms involving u : the second part of the Paper 
discussed that modified equation, but it might equally have dealt with (3) | 
He had been asked whether or not he had spoken of the Authors’ 
investigation to Professor Timoshenko: he had done so when he had met 
him last September, and Professor Timoshenko’s reply had been what 
Professor Southwell had expected from his long acquaintance with him; 
he did not dismiss “‘ w-effects’’ as negligible in comparison with other 
effects which both treatments neglected, nor did he suggest that the prok | 
lem did not call for the introduction of differential equations; he sait 
“T never mind being confronted with a mistake, provided that I made it 
not less than 5 years ago.” ‘S 
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Tt seemed to Professor Southwell that problems had to be taken as 
they were found, and any method was appropriate that gave promise of 
success ; if later it could be replaced by something simpler, so much the 
better ; but it was of no use to start from a conviction that every structure 

_ found useful in civil engineering ought to behave like an arch or framework 
and to satisfy Hooke’s law, if in fact it were known that the structure in 
question did not so behave. Further, Professor Southwell believed that 
appeal to intuition was justified as a means to simplification, but only if 
the investigator had confidence in his intuition, and not merely on the 
ground that “it gets one further on.” Professor Southwell felt intuitively 

that the partition between cable and girder would be very nearly the same 
whether the number of the suspension-rods was very large (as assumed in 
_the Paper) or as small as twenty: therefore in that respect he thought it 
justifiable to make the more convenient assumption. He had, however, 
no trust in his ability to foretell by intuition how much extra tension would 
be thrown on the cable (allowing for its extensibility) by a live load covering, 
say, half the span ; therefore he wanted to sec that question brought to the 
test of exact calculation. 

_ Some speakers in the Discussion seemed to feel intuitively that neglect 

of the “ u-displacements ” would not have sensible effects. He could not, 

“share that expectation; he had considered thecable-stress entailed by purely 

‘Vertical displacements, and how easily the cable could avoid that stress by 

also moving horizontally, and he concluded that account had to be taken of 

* 4-displacements ” in the cable itself if its tension (and hence its share of 

load) were to be estimated correctly. It was there that the “ u-effects ” 


f 


d/ @ 
were important. The term cm (<2) was included for completeness, but 


(as he had indicated) its effect was small whether the cable form was a 
barabola or a catenary. Where wu mattered was in its effect on H z (the 
tension due to live load), as found in equations (6) and (7) : Professor 
‘Southwell recognized that that point should have been made more clearly 
the Paper. 
He did not, however, after reflection find much in the Paper that he 
vould wish to revise. The Authors could have taken more effects into 
account, but even stripped to its essentials the analysis had entailed 
mathematics which, like several speakers, they could have wished were 
more simple (they had, however, been done once for all). They were 
old that Résal’s concentration on practical dip/span ratios was satis- 
tory to engineers, and they had followed his example in their numerical 
_ They were told not to worry about lengthy computations, but to 
ed step-by-step : that was exactly what the relaxation method did. 
_ Mr. R. J. Atkinson, who also replied, referred to the difference of 19 
per cent. which Professor Southwell had mentioned, and said that he had. 
‘ked out an example by the deflexion method of Johnson, Bryan, and 


bk 


a a ae ad |b 


326 DISCUSSION ON PROBLEM OF STIFFENED SUSPENSION-BRL 


Turneaure for a live load high up the span, and had also calculated it 
the Authors’ method. Unfortunately the figures had not been chee! 
but they had been done on a calculating machine. It was found that 
at only about the tenth-point of the span was there a difference of 
19 per cent. due to w. 

He had some figures for the horizontal tension in the cable as calculated 
by both methods for full-span loaded and half-span loaded. They did 
get a slightly smaller increase of horizontal tension due to live load over the 
full span, but to a practical man the difference was hardly worth noticing, 
being of the order for full-span loading of about 685 to 684. In the example 
worked out by Johnson, Bryan, and Turneaure there was a maximur 
deflexion of the order of 11 feet, whereas taking the Authors’ example and 
working it out by the deflexion method, the deflexion came to about 2 feet, | 
He was afraid that he could not at present quote definite figures to sho v 
the importance of the “wu-effect” and to compare it as between the: 
parabolic form and the catenary. . 


«* The Correspondence on the foregoing Paper will be published in the. 
Institution Journal for October 1939, together with any subsequent reply 
received from Mr. Atkinson.—Suc. Inst. C.E. 
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INTRODUCTION. 


Tae importance of the provision of transition-curves in all changes in 
lirection of vehicular motion appears to have been first realized by railway 
engineers, although their early efforts to introduce them were of necessity 
eru de in conception. Even now, in spite of an extensive literature, many 
road engineers continue to lay out new curves without the provision of any 
ransition at all. Where transition-curves are inserted, they are often 
nned in an arbitrary and unscientific manner. 
It has been abundantly demonstrated in the more recent publications, 
notably those of Professor F. G. Royal-Dawson, M. Inst. C.H.2, that the 
h of a transition-curve is a theoretically determinable quantity, based 
certain fandamental and simple dynamic principles first enunciated by 
. W. H. Shortt, M. Inst. C.E.3 In spite of this, many engineers still 
stimate an arbitrary length for the transition-curve, or else base the length 
1 a chosen gradient to lead up to the full superelevation on the outside 


SS Correspondence on this Paper can be accepted until the 15th June, 1939, and will 
published in the Institution Journal for October 1939.—Sxc. Inst. C.E, é 
2 F. G. Royal-Dawson, ‘“‘ Elements of Curve Design for Road, Railway, and 

Track.” London, 1932. 

* Road Curves for Safe Modern Traffic and How to Set Them Out.” London, 


| W. H. Shortt, ‘‘ A Practical Method for the Improvement af Existing Railway-_ 
Minutes of a Inst. C. E., vol. clxxvi (1908-9, Part IT), P. QI" 
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edge of the road. It is seldom realized that, in the interests of road 
safety, correct transitioning of curves is as important as the provision of) 
superelevation. The often-used argument that the improvement of high- 
ways is an incentive to speeding, far from being a justifiable excuse for 
the non-provision of transition-curves, is in reality a powerful argument: 
in favour of correct transitioning. It must be remembered that it is ad 
physical impossibility for a moving road vehicle to change its directions 
without tracing out some kind of transition-curve. Thus, if the curve is: 
laid out in the form of a circular arc the vehicle is bound to leave its corre 
traffic-lane, a practice which becomes increasingly prominent and dangerous 
as the speed increases. 


HistoricaAL REVIEW. 


The first serious attention seems to have been paid to the provision of 
transition-curves in France and America, in both cases in connexion with 
railway-alignment. Paul Adam was, in 1895, the first to draw attentions 
to the lemniscate in France 1, showing that it was no less simple in appli- 
cation than the cubic parabola, but it was not until 1919 that its use 
road-curves was discussed by C. Galatoire-Malegarie 2, who compared theg 


the use of the lemniscate, and also considered superelevation. In ba th: 
countries the early suggestions comprised no rational method of assessing 
the length of the transition ; for example, J. C. Trautwine’s method, intre 
duced in America, is not only empirical in its length but also in its contour. ! 
This method was improved by L. C. Jordan 3, who, by fixing a definite rate: 
of gain of superelevation (2 inches per second) in place of the formerly; 
practised gradient method, introduced a variability into the length of the 
transition according to the speed of the locomotive. A. N. Talbot’s# 
formula also belonged to the class in which a fixed rate of gain of super-. 
elevation was the governing criterion of the length. Several other American 
authorities adopted similar methods, 5°, whilst some did not even touch 
upon the subject of length, 7 8, 

It remained for W. H. Shortt in England and J. R. Stephens in America 
to introduce the first scientifically accurate method of a&sessing the 


1 “Emploi de la Lemniscate de Bernouilli dans les Raccordements de Chemins d 
Fer.” Annales des Ponts ct Chaussées, vol. x (seventh series, 1895), p. 383. : 

2 “Tracés de Routes a Courbure Continue.’’ Annales des Ponts et Chaussées, 
vol. 1 (ninth series, 1919), p. 332. 

% “ The Practical Railway Spiral.’’ London, 1913. 

4 “The Railway Transition Spiral.” New York, third edition, 1901. 

5 T. R. Agg, “The Construction of Roads and Pavements. New York, third 
edition, 1924. 

®° G. W. Pickels and C. C. Wiley, ‘‘ Route Surveying.” New York, 1930. 

7H. C. Ives, “‘ Highway Curves.”” New York, 1929. 

% W. W. Crosby and G. KE. Goodwin, ‘ Highway Location and Surveying 
Chicago, 1929, ] 
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length of a transition-curve. However, a really lasting basis for the 
delineation of the curve had still to be provided. In 1925-6 one of the 
first really serious efforts towards the provision of road transition-curves 
was made in England on the Great North road in the County of Rutland, 
and was described by Mr. Henry Criswell, M. Inst. C.E.1 This was indeed 
_ a good step forward, but the curves were still far from ideal; no attempt 
was made to determine their lengths on a mathematical basis, and the 
limitations of the cubic parabola were still present. Another excellent 
_ example is provided by the curve-alignments on the Redclyffe Road near 
_ Manchester, described by Mr. E. L. Leeming, M. Inst. C.E.2 In this case 
_ the lemniscate form of transition was adopted, but the length again appears 
_ to have been arbitrarily chosen, it merely being stated that the commence- 
‘ment of the curve was ‘“‘ about ” 210 feet from the centre of the bend. 
_ Even to that date the literature on the subject was of rather limited 
“scope, but a great advance came with the publication of Professor Royal- 
Dawson’s treatise ‘ Elements of Curve Design’ 3 and subsequent articles 
by Mr. Henry Criswell.4 Professor Royal-Dawson’s book at last put the 
‘subject on a complete mathematical basis. The length was now a cal- 
ated quantity, whilst the cubic parabola and allied curves had at last 
been abandoned for the much more suitable contour of the lemniscate. 
Mr. Criswell had by this time also adopted Shortt’s standard rate of turning, 
but preferred the true spiral (or clothoid) to the lemniscate advocated 
y. Professor Royal-Dawson. This literature has recently been further 
augmented by Professor Royal-Dawson’s recent publication, ‘‘ Road 
urves.” With the advent of these publications fresh attention has been 
given to the question of the maximum safe rate of gain of centripetal 
acceleration. Mr. Criswell has accepted Shortt’s formula without modifi- 
cation, whilst Professor Royal-Dawson has adopted it for all speeds above 
miles per hour and has provided a “ graduated empirical formula ” 
r speeds below that value. This empirical formula provides for an 
crease in the rate of gain of centripetal acceleration for speeds below 
) miles per hour in order to allow for the increased manceuvrability of 
ght vehicles at those speeds. The increase in speed permitted on this 
asis is 40, 30, 21, 13-5, and 6 per cent. at normal speeds of 5, 10, 15, 20, 
and 25 miles per hour respectively. Professor R. A. Moyer 5, however, 


a 1 “ A Simple Treatment of Superelevation, Transition Curves, and Vertical Curves, 
as used on the Great North Road in the County of Rutland, 1925-26.” Public Works 
Roads and Transport Congress, Final Report, 1929. oer 

- 2 The Superelevation of Highway Curves.” Inst. C.E. Selected Engineering 


Paper No. 50, 1927. 
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appears to consider that a rate of gain of centripetal acceleration of 2 feet 
per second per second in a second is not only safe but desirable even for 
high-speed work. This contention is further supported by Mr. Frankt 
Hosking 1, of the County Roads Board, Victoria, Australia, who advocates 
a speed round the curve of 0-8 of the critical speed, where the critical speed 
is that giving a rate of change of centripetal acceleration of 3 feet pe 
second per second per second, which is the figure commonly taken as beings 
the maximum attainable by the most skilled drivers. On this basis the 
permissible rate of change of centripetal acceleration is (0-8)? x 3 = 1-536¢ 
feet per second per second per second ; furthermore, Mr. Hosking states 
that an excess of speed of 25 per cent. over this value is permissible, m 
which case the rate of change of centripetal acceleration becomes 3 fe 
per second per second per second, which may be thought a high value e 
for slow-speed work. 

The recent publications on the subject of transition-curves have 
devoted largely to the provision of complete Tables for their setting-out. 
This is a practice which should be adopted with caution, as it is essen’ 
that the user of such Tables should be fully conversant with the underlyi 
theory and methods of compiling them. 

In this Paper the Author puts forward methods of calculation which | 
are intended to supplement the Tables now available; for this p se 
such constants as the maximum permissible rate of gain of centripetal 


fugal ratio (hereinafter denoted by B) will be represented by symbols in 
the final formulas. In this way it will be possible for values of these» 
constants other than those adopted as standard by Professor Royal 
Dawson to be used. The Author is of opinion that Professor Royal i 
Dawson’s values are at present the best compromise, but there still appear 
to be considerable diversity of opinion on this subject, and with the 
introduction of roads with permanently improved coefiicients of friction 
it may be possible to design for slightly increased values of C and B, . 
Any system of calculation adopting the spiral or the lemniscate must, for 
the sake of simplicity, make certain approximations ; it is proposed as fa: | 
as possible to give justification for any approximations used. 


AVAILABLE ForMULAS. 
The Cubic Parabola. 


The cubic parabola has the simplest mathematical form of all curves 
which have been used for transitions, and in’all cases where the polar 
deflexion-angle does not exceed about 4 degrees there is little difference 
between it and the lemniscate or spiral. It may beset out by the co-ordinate 
method, or the co-ordinates may be used to calculate the polar ray and the 


- a 


1 Roads and Road Construction, vol. xiv (1936), p. 180. 
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polar deflexion-angle. Ifthe curve becomes of such length that it is either 
“undesirable or impossible to set it out by polar rays, it is a simple matter 
to calculate the chord-lengths round the curve, together with the appro- 
‘priate polar deflexion-angle. Although it is not proposed to deal with 
the cubic parabola in detail, a method of tabulation will be given for 
making the above calculation, as a similar Table is applicable to methods 


of setting out the spiral and lemniscate to be described later. 


TaBLeE I, 


TA : tang ae 
a Individual 
2 2 Total chord- 
a x y x y chord-length 
or sub- length. 
chord. 


YS; ie) AN 


; The explanation of Table I is given in Fig. 1, where 0-1, 1-2, 2-3, etc., 
represent the chords as actually set out, the chainage being in each case 
ontinued from the previous chord-point, whilst the angles are all set 


wut from the origin O. The columns headed X and Y represent the 


Fig. 1. 


ances OB, OC, OD, B1, C2, D3, etc., whilst the columns headed w and y 

e the distances OB, BO, CD, B1, F2, H3, etc., and are obtained by sub- 
ing from any value in the XY columns the corresponding value on 

lineabove. The column headed“ Individual chord-length ” is obtained 
kins the sum of the 2? and y? columns, whilst the — 


taking the square root of t the 
er is the sum of the individual chord-lengths. Actually, within 


: ; 
x 

3 
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the limits of application of the cubic parabola little error would be intre 
duced by assuming that the subchord-length equals X. The > 
1! 
6R2 
(R denotes the minimum radius of the transition and L the length of th 
transition), no difficulty should be met in filling in the above Table. 
It is not proposed to give more than this cursory description of settini 


i 
B 


out the cubic parabola, since its application to road-work is not of suffi 
ciently general use, but it should be pointed out that exactly the sam 
methods can be used as are later to be described for the spiral and lemnisi 
cate. With regard to a suitable length for the cubic parabola, Shortt 
formula may be used, as although this is strictly applicable only to thi 
clothoid or true spiral, the error introduced by using it on the cubic para 
bola is small, provided a polar deflexion-angle of 4 or 5 degrees is 
exceeded. 

Another formula, an approximation to the cubic parabola, is that usee 
by Mr. Henry Criswell in setting out curves on the Great North road 
which is :— : 


the cubic parabola being y =x’, where k& is a constant = 


9 
- 


L 
10” where L denotes the length oh 


subchord in feet and N the number of the subchord point. The Americar 
degree system is used in the application of this formula, and the distaz 
required for a change of 1 degree in curvature is chosen as the longi 
subchord, This curve begins to become inaccurate after 5 degrees, and 
hence has little advantage in this respect over the curve previoudly 
described. | 

Another equation, y = kz?, is sometimes suggested for use as a 
sition-curve for horizontal alignment 1, but its use lies chiefly in its a 
cation to vertical curves. 


Deflexion-angle in minutes = 


The Cubic Spiral. 


The cubic parabola is the result of applying two approximations to 
formula for the spiral. It may be shown that for the spiral 


c= [sata anc — 


and y=, [re(S — 4 as tite nl Shasta venues ) a 


where Rand L are the same as for the cubic parabola and ¢ denotes ti 
deviation-angle. ; 


* H. J. Collins and ©, A, Hart, “ Principles of Road Engineering.” London, 19% 
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If when deducing these formulas it is assumed that sing = ¢, then 


$ 
pam (*\ 
which gives 
iB 2 
ye inser $= sat) ol Sn err) 


- If in addition it is assumed that cos = 1 or x = l, the cubic parabola 
3 

is obtained. The formula y = ue defines what may be called the 
cubic spiral; it gives a method of setting out a transition-curve which, 
although still far from the ideal, is a great advance on the two forms already 
described. In making the necessary calculations for this curve, it is 
essential to assume that RL =a constant; this approximation may be 
taken as valid within the limit of application of the curve, which is up to 
a polar deflexion-angle of about 6 degrees or a total deviation of 36 degrees. 
a curve is in effect a eee of the spiral formula ; hence in 


$i 2 

: ermining > R i 
is or the approximation d = 3a is necessary in setting out the curve. 

_ Before going on to the more accurate forms of transition-curves, a 
suggested Table for making the necessary calculations for the cubic spiral 
zl be given. 


Tasie IT. 


Sub- 2 2 a 
chord, 1. al Y y y Y @ | X= 2s A . 


formula of the curve, whilst the y-column is obtained by subtracting 
from the particular value of Y the value of Y on the previous line. The 
-column is obtained from the square root of the difference of /? and 42, 
st the X-column is merely the summation of a. For setting out, the ot 


se Oe 
Hi 
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The Clothoid or True Spiral. 
The general formula for the spiral is 


L=mvé, ..- + .> =n 


where m is a constant = V2RL. It may be shown that for the s ira: 
is constant, where r denotes the radius at distance / along the curve. Th 
true spiral is that curve traced out by a car whose steering wheel is bei 
turned at a constant rate (assuming there is no slip angle, for a descripti 
of which see p. 345). The spiral has the disadvantage that, unlike thi 
lemniscate, it has no simple relation between ¢ and « and the calculation 
are accordingly greatly increased. 
For the spiral, 


epee o> at a 
tana =" =3 +405 + 5997 198,700 °° ( 


Before a transition-curve can be set out, the parts which must be eith 
decided or given are :— 
(i) the speed-standard, 
(ii) the maximum permissible value of the centrifugal ratio B, 
(iii) the maximum permissible value of the rate of gain of centripet 
acceleration C, 
(iv) the total deviation ¢ required. 


The requirements (i) and (ii) immediately fix the minimum value r 
R, the smallest radius of the curve. In this connexion it may be state 


straights with a certain deviation have to be joined by a transition curve 
It should be kept in mind that the curve requiring the least set-back fr 
the intersection-point (that is, the distance AX in Fig. 2) is that whieh 
develops the maximum possible value of B at the designed speed, being 


premature insertion of a circular arc. If the space available still preve Re 
the ideal treatment visualized, then either the permissible value of C ha: 


of the curve must be reduced. On the other hand, in cases where there is 
plenty of room available, if the value of ¢ is large it is an advantage to kee 
the minimum radius F as large as possible and, hence, the value of B low 
In this way, although a circular arc has to be inserted, an actual shortening 
of the roadway will result owing to the decrease in length of the transitior 
and approach-straight. This is made clear by Fig. 2. | 
Items (i) and (iii) automatically fix the “ scale” of the transition-curv 
and when coupled with requirement (ii) fix L, the total theoretical lengt 
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of the transition. The meaning of the term “ scale ” as applied to transi- 
tion-curves is illustrated graphically in Fig. 3 (p. 336). 

Item (iv), together with (i) and (ii), enables the following questions to 
be settled :— 


(a) Whether the maximum value of B or the minimum permissible 


ber value of # can be reached and, if not, the extent to which the 
2 possible values of B and R fall short. 
‘e (6) Whether a circular arc is required, and, if so, of what length. 


Fig. 2. 


7 
peat ae Equivalent wholly- 
transitional curve 


R denotes the radius at end of transition 

r » radius at any point p distant ¢from O 
? aa » total deviation at p 

8 * «. deviation of circular portion 

x ” » Polar deflexion-angle of p ‘ 

A » total deviation of complete curve 

£L w total length of transition-curve 
24), » CO-ordinates of p, taking O as origin , 


Before proceeding further it is necessary to study the connexions 
peed-standard, C, and the minimum length, LZ. The first follows from 
: ordinary dynamic law of centrifugal force, and may be expressed as 


= 14-969BR (where V denotes the vehicle-speed in miles per hour) (6) 


v 


P 


ween the speed-standard, B, and the minimum radius, R, and between — 


) 7 Peet See 5 gard 
the time taken to traverse the transition is — seconds, and the final _ ad 


a er ae oe 


aL, 
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= 
(4 


_ 


2 A Pe. 
centripetal acceleration = = Hence the rate of gain of centripet 


acceleration C = as so that 


vs =: 3-155 V3 3 

L a CR = 71 ~ : . . . . . ( : 

Alternatively, L may be expressed entirely in terms of V and of th 
standards C and B thus :— 


3-15573 47-227VB 
pe: - if 1k OOO R et eee 8) 
= Gx pi * 149698 = 8) 


Tun Cnorps OA, OB, OC, OD, ann OE aL suBTEND THE SAME POLAR 
DeE¥FLEXION-ANGLE, BUT HAVE LENGTHS PROPORTIONAL TO THE SCALE OF THE CURVE 


Further, Z may be expressed entirely in terms of R and of C and B, thus = 


(14-969BR)! 182-72 RBS 
OR“ iiqied taunt 


The stage has now been reached when ¢, R, and L are all fixed at thei 
preliminary values. The next step is to determine whether a circular a: 
is necessary or desirable, and hence whether the values of R and L wil 
have to be modified. It is assumed that L has been calculated by Shortt 
method. This then is the theoretically-required value of L for the speed 
value attached to the curve. It now remains to see if this value of L giv 
more or less than the given value of . In the former case the transitic 


L = 3-155 (9) 
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will have to be cut short at the point where the required deviation has 
heen attained, the minimum value of R thus reached will be greater than 
the minimum allowable value of R, and a cireular arc will not be necessary. 
In the latter case the transition will be prolonged to its full theoretical 
length with the consequent attainment of the limiting values of R and B, 
at which point the curve must continue as a circular arc until half the given 
total deviation is taken up, whereupon the reverse half of the curve, which 
is'a mirror image of the first, is entered. 

The question of whether a circular arc is in any case desirable is a matter 
to be decided by local circumstances. If the bend is free from obstacles, 
then it may be considered expedient to adopt a larger minimum radius 
than that theoretically permissible. In this case there will be a decrease 
in the value of B, but this may not be increased by greater speed, as the 
‘whole basis of the design is the adoption of a fixed speed-value for all 
curves on the particular road; that speed at once fixes the scale of the 
transition, which will, in this case, be the limiting factor. 

To determine whether a circular arc is theoretically necessary, the value 
of LZ, determined by formula (7), (8), or (9), should be substituted in the 
general equation of the spiral, namely, L = m/d. If by an application 
of the foregoing reasoning it is necessary to shorten the spiral, then it will 
‘be required to determine to what length. If the original length of transi- 
tion consumes too great a deviation and it is desired to have the curve 
transitional throughout, then the resultant value of Z may be obtained by 
substituting half the total required deviation in L = m/, If, on the 
‘other hand, it is decided to increase the theoretical value of R, then the 
ew value of Z may be determined from the relation Jr = a constant. It 
Should be noted that this constant /r is a value determined by the scale 
of the transition and may be obtained from the preliminary values of L 
and R or from formula (7) ; thus, 

- =—- 3-155 V3 


Lk = —G (where V denotes the speed in miles per hour associated 


‘ith the given scale). 
The value of Z having been determined finally, the subchord-length J 
may then be fixed at a suitable figure. All that it is then necessary to do 
s to calculate the values of « for the various chord-points. The formula. 
for doing this may be obtained by substituting for ¢ from equation (4) 
in equation (5), whence 
2 [6 jio ji4 
= 3m2 b 105m’ + 5997mi> — 198700mi4 
m m m 


tan « (10) 

The application of this formula is undoubtedly somewhat tedious, but it 
will be found that if the tabulated method of procedure, to be described, is 
ollowed then the time taken and the chances of mistake are greatly — 
reduced. . epivis Pees 
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The method that has just been outlined makes one approximationt 
namely, that £1 equals the true length along the curve. By reducing tha 
subchord-length 1 this error may be made as small as necessary ; for ali 
practical purposes it is safe to make | = 50 feet, and with discretion thi 
may be increased. : 

Moving of Theodolite.—It is now proposed to deal with the case where 
it is necessary to move the theodolite to an intermediate point for settin, 
out the latter part of the curve ; indeed, it might well be considered tha 
this is a desirable procedure on any curve, as the lengths of the sights are 
thereby shortened and the number of subchords for which « has to be 
calculated from formula (10) is decreased. The law of the osculatin 
circle is fully discussed in other literature 1, but for the sake of complete 
ness it will be described briefly here, as an application of its principle 3 is 
almost essential if the position of the theodolite is to be moved. 


Fig. 4. 


In Fig. 4, if p is any intermediate point on the spiral OBCpF, a n¢ 
PX is the tangent to the spiral and circle ADE touching at p, then :— 
XpC = XpD — DpC, 
XpB = XpA — ApB, 

also 
FpT =EpT + FpE. 
The circle ADpE is the osculating circle ; it has a radius equal to that 
the spiral at point p, and hence XPD, XPA, EPT, can all readily be 
calculated. The law of the osculating circle states that DpC, APB, and 
FpE, where Dp = pC, Ap = pB, Fp = pE, are respectively equal to the 
polar deflexion-angles subtended from O by chords of length equal t 
Dp, Ap, Fp. It is therefore simple to calculate the deflexion-angles fre 


the tangent XT at p. In general terms the deflexion-angles will | 


na, — a, for the backward direction, and na, 4+ a, for the forward direction 


1 Footnote (2), p. 327. 


ay 
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where a, is the osculating-circle unit deflexion and a, the spiral deflexion 
for the nth chord from the change point. 

In addition to calculating these deflexions, it is necessary to know how 
to locate the tangent at p, for which purpose a knowledge of the back angle 


OpXisnecessary. The angle « or pOX is already known from the forward 
setting out from O. By assuming the length of the transition L — PR), 
the value of ¢ may be calculated from L = mV. Hence the back angle 
=¢ —« can be calculated. A useful check on the calculations can be 
obtained by testing to see if na, — a, = — a, n here being taken as the 
‘number of chord-lengths to the point p. The two sides of this equation 
will not agree exactly, owing to the assumption made that 57 = L, but 
the difference will be negligible. 
__ In applying the law of the osculating circle a further assumption is 
made, namely, for example, that the chord pF is of the same length as the 
chord OH, where H may be, say, the third point set out from O by measuring 
three smaller chords round the curve, and F the third point located from 
'p by measuring three small chords (equal to those measured from O) from 
‘p; but the effect of this assumption is usually not serious. Also, it is 
assumed that Fp and Ep are equal, where F and E are located by measuring 
three smaller chords, equal in each case, respectively round the spiral and 
round the osculating circle. 
—- Determination of Shift and Total Tangent-Distance.-—The shift and the 
total tangent-distance may be obtained as follows :— 
ce X and Y should first be calculated from the formulas :— 
ng 
ic = ge $+ $6 8 pi 

A= mvill — ita + aa ~igne+ ams — 0+) 


— —(d $3 p> g? 9 
rama(s— as + is ~iez tip) 


Several terms have been given, but more than the first three will rarely be 
necessary. 
From Fig. 5 (p. 340), pD = Rsingd = FB. ee 

_* Hence the tangent-distance to the beginning of the transition, or the — 


= (R +8) tan5+ (X — Rsing), a eee 


where J denotes the total deviation of the curve and S denotes the shift. 
_ The shift S may be determined as follows :— 
. | CD = R cos ¢, 
pB + CD = CF, 
also S = CF —R 
=(Y + Reos¢) — R. ; 
S=Y—R(1—cosd). . . . . (12) 
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The Lemniscate. 
The formulas of the lemniscate are :— 
p= 3R sin 2a, . 
and wel 
p= kv sin 2a, . 
where p denotes the polar chord and k =a constant = V. 3pR 


Fig. 5. 


[e) iG A B 


In addition, a very useful formula, of which use will be made, is the 
speed-chord formula evolved by Professor Royal-Dawson. He has shown 4 
that under his unit-chord system for a polar deflexion-angle of 16 minutes, 

when L has its unit value, R = 35-81D, where D denotes the length of i 
chord. < 

Hence, by substituting in formula (7), 

__ 315598, 
~ 35:81DC | 
or 11-4078 = V*... . . &, 30 


where C' denotes the allowable rate of gain of centripetal acceleration an 
V the speed in miles per hour. Professor Royal-Dawson substitutes 
C = 1 foot per second per second per second, which he adopts as a per 
manent value. 

The lemniscate, unlike the spiral, has the valuable property that 6 =3a 
exactly, for all values. The lemniscate, on the other hand, has a mathe- 
matical complication arising from the fact that pr is a constant, instead of 
lr being constant, as in the spiral. This means that if at the start of the 
curve C = | foot per second per second per second, at the end of the curve 
its value will be slightly below that figure. It further means that Short ; 


1 “ Road-Curves,” p. 204. London, 1936. 
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value for the length of transition is no longer strictly valid; indeed, the 
exact formula for the length of the lemniscate is a complicated series which 
at the higher values of ¢ does not converge at all rapidly. In actual practice 
an approximation may be made whereby the value of ZL can be deter- 
mined with sufficient accuracy for all normal purposes. This approxima- 
tion is the same as was used for the spiral, namely that 27 = L, and does in 
fact hold for very wide deflexion-angles. If/ is made equal to one-quarter of 
the chord-length it may in most cases be applied for polar deflexion-angles 
as high as 45 degrees, or in other words for a complete loop of the lemniscate. 
It should further be realized that, with the method of setting out described 
in this Paper, this assumption does not affect the accuracy with which the 
two halves of the transition meet ; a true lemniscate is in fact set out, the 
F only error being in the recorded length. The constant k = V/ 3pR is the 
maximum polar ray or polar axis, and may be determined in terms of unit 
chords. The unit that will be adopted is that used by Professor Royal- 
Dawson, namely, the length of polar ray whose polar deflexion 
is 16 minutes. Under this system k= 10-3648 units; hence 
p= 10:3648DVsin 2x - by Et Le EI PONS rere! 
It is therefore easy to determine D from the speed-chord formula ; p may 
then be found for various values of «. The curve may, if desired, be set 
out by polar rays all measured from the origin, but this is a rather cumber- 
some method involving the chaining of an unnecessary number of long 
distances, and leaving the easy mathematical determination of L still 
unsolved. 
If a lemniscate is to be set out the quantities given_will be ¢ and the 
‘speed-standard, the values of B and C being decided at the engineer's 
discretion. From the speed-standard D may at once be determined, and 
_by an application of B, the minimum theoretical radius may be determined, 
from formula (6). If the curve is to be wholly transitional the maximum 


value of a = f This value may then be substituted in equation (16) and 


he corresponding value of p found. On then substituting p in the equation 
/3pR = k = 10-3648, or p and « in equation (13), R may be found. If 
his value of R is smaller than the minimum allowable value fixed by B, 
then the curve cannot be wholly transitional and a circular arc must be 
jntroduced. If, on the other hand it is larger, then the curve can be 
ransitional throughout. 

If the engineer should consider it preferable, or if he is obliged by 
‘natural features, to fix a value for R greater than the minimum theoretical 
figure, then R should be substituted in /3pR = 10-3648, and the corre- 
sponding value of p found. It should be remembered that the formula 
V/3pR = 10-3648 is in unit chords, and consequently the right-hand side 
yust be multiplied by D if R is inserted as its actual value in feet. The 

Jue of p thus obtained will then also be in feet. Sa 


as 


a) 


te 
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At this stage then it might be advisable to write the above for 


in the form 
pR = 35-8097D", . . weedy ta age Ue peu 


where p and R are to be given in the same units as D. 

When the value of p corresponding to the given value of R has b 
obtained, these can be substituted in equation (13) and the value of « and 
at the end of the transition thus found. From equation (16) correspondi 
values of « and p may then be found up to the final value of x. In maki 
these calculations it should be remembered that the arc-length a 
approximately as the square of the angle «; hence, in order to keep the 
values of I as finally calculated approximately equal, the values of « sub- 
stituted in the formula should ascend according to the square law so that| 
%, = a,n2. If a small radius is reached, then the progressive intervals in} 
the values of « should be reduced slightly in order to decrease the subcho rd 
lengths as the radius of curve set out decreases. As the method of setting-- 


Fig. 6. 


submitted in the example on the lemniscate (Appendix II, p. 358). 
Examples are given in Appendixes I and IT to illustrate the foregoing 
methods of setting out spiral and lemniscate transition-curves. 


law of the osculating circle does not hold exactly. If, however, the tabular 
method set forth in this Paper be adopted, the position of the theodolite 
may be changed any number of times without introducing much compli 
cation, the calculations being very similar to those of Appendix II. hu 
if in Fig. 6 it is desired to move the theodolite to station-point 7 it will be 
necessary first to locate the line 7X and then to calculate «1, the deflexion: 
angle from the line 7X to the subsequent station-points. The line 7X may 
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| point O, and then turning it through an angle equal to TOW; if it is now 
transited the theodolite will point in the direction 7X. The deflexion- 


angle from station-point 7 to station-point 8 is tan =, 
Now 8Y =8T —7W, and Y7 = TO— WO. Similarly, the deflexion- 

; : : : : : “1/9R 

angle from station-point 7 to station-point 9 is tan (Fe , Where 9R 


= 9U —7W and R7 = UO — WO. The calculations can conveniently 
be made by adding four columns to Table D of Appendix II, namely, 


column 12, x,;; column 13, Yi1; column 14, on =tan«,; and column 
X11 

‘15, «,;. The distances Y7 and R7, etc., and 8Y and 9R, ete., will 
“appear in columns 12 and 13 respectively and are obtained in each case 
_ by subtracting the value of y and x against station-point 7, in columns 
6 and 5, from the successive values of y and x against each respective 
-chord-point. The subtraction of the logarithms of y,, and 21, is then 
entered in column 14, and «, is entered in column 15. 

_ If a circular curve has to be set out from station-point 11, the tangent 
‘11T at this point may be located by sighting the theodolite on to station- 
“point 7, transiting, and turning counter-clockwise through an angle equal 
to the deviation ¢, for station-point 11, minus the deflexion-angle from 
line 7X of station-point 11. 


CASES WHERE TRANSITION-CURVES May BE OMITTED. 


It is evident that the lower the speed-standard or the greater the 
‘minimum radius, the smaller will be the shift of the circular curve necessary 
for the insertion of the transition. Below a certain value of shift it may 
well be considered that the transition is unnecessary ; this is indeed the 
attitude of Mr. Criswell, but on the other hand it is the practice in the state 
of Oregon! to insert transition-curves at all changes in direction irre- 
ctive of the shift, the reason being that the length of transition is an 
indication of the length of run-off required in reducing the superelevation. 
t is, however, a simple matter to calculate the length of transition from 
formula (7), (8), or (9); alternatively, when dealing with such low values 
f superelevation without the provision of transition, there can be no 
logical objection to effecting the necessary run-off or application of super- 
‘elevation by one of the gradient methods, to which reference has already 


* 


; C 
been made. Actually a rate of gain of centrifugal ratio of 39 Pet second 


1 R. H. Baldock, “Highway Design for Speeds Up to 100 Miles per Hour.” 
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is equivalent to a rate of gain of centripetal acceleration of C feet per secon 
per second per second. Thus if the “0-4 rule ” is adopted a rate of applic 


C ; : 
tion of superelevation of 0-4 x 32 will give the correct basis of design. 


Fig. 7 gives the radius of curve above which it is unnecessary to apply 
transition for a given speed-standard. Three values of shift are giv! 
the first that taken by Mr. Criswell (0-20 foot) after which a transiti 
curve becomes necessary, and the last a higher value of shift (0-5 foahy 


RADIUS ABOVE WHICH TRANSITION 
NEED NOT BE PROVIDED: FEET. 


SPEED-STANDARD: MILES PER HOUR, 


which owing to the undefined path of a car might well be taken as th } 
limit for wide roads. Intermediate values may be obtained by inte | 
polation, according to the requirements of the engineer concerned. 


SUPERELEVATION. 


_ Recognition of the importance of superelevation came before general 
consideration was given to the transition-curve as a necessary part of 
highway-engineering. Much has been written on the theory and practice 
of superelevation, but the whole question is still largely controversia 
One evident point is that the superelevation must not be too slack to 
prevent adequate drainage, so that the minimum superelevation is limited 
to about 1 in 40 for existing road-surfaces when the curve is not on a grade 
but the upper limit of superelevation is still a matter of opinion. — sl 

According to one rule, the superelevation is made 0-4.of the centrifug 
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‘tatio at any part of the curve, which gives a maximum sideways slope 
of 1 in 10 if the transition reaches its limiting minimum radius at a value 
of B = 0-25; this slope, however, seems to be higher than that adopted in 
many cases, and indeed a cross slope of 1 in 14 is about the maximum that 
ean be considered safe for horse-drawn traffic. On the other hand, on new 
roads of the type of the German motor-roads, which it is to be hoped will 
eventually be adopted in England, there seems to be no reason why, on the 
sharp curves which have to be provided at fly-over junctions, a rate of 
superelevation of as high as 1 in 7-5 should not be used, provided that these 
connecting roads have single-way traffic, so that half the road-width may 
be laid to a more gradual cross-fall. 
_ In deciding the maximum superelevation to be allowed there are two 
further considerations which must not be overlooked when the curve is 
situated on a hill: Firstly, when a car is accelerating, or when there is an 
increase in driving force due to its ascending a hill, an appreciable com- 
ponent of the driving force opposes centrifugal action, but the reverse is 
the case when the car is braking on a descending grade. This fact is further 
aggravated by the reduced sideways force available when the brakes are 
being applied (it has been shown by Professor R. A. Moyer ! that the total 
available coefficient of friction is the resultant of the sideways coefficient 
nd the braking force coefficient obtaining simultaneously) even though 
he wheels are not skidding. Secondly, when a car is ascending a grade 
a curve, the outer back and front wheels will be further up grade than 
the inner wheels, thus increasing the effective superelevation, and when the 
is descending a grade, the outer wheels will be further down grade than 
inner wheels, thus decreasing the effective superelevation. This 
henomenon is due to the slip angle assumed by the back wheels, in order 
generate the necessary sideways force, and occurs to any pronounced 
sgree only when the car is taking the curve in excess of the speed where 
erelevation exactly neutralizes centrifugal force (Figs. 8, p. 346). The 
angle is the angle between the normal tangential running position of the 
heel and the position it assumes when called upon to develop sideways 
e. In this connexion it should be remembered that at low speeds the 
wheels will track inside the front wheels, and at speeds above that 
t which the curve is superelevated, the rear wheels will track outside the 
ront wheels. This is determined by the slip angle required for developing 
ays force in the correct direction for the particular case. 
‘he second consideration in determining a suitable value of super- 
ation occurs only when the curve is on a very steep grade, but as that 
metimes the case in mountainous districts, it is worth investigating 
he extent of its effect. Figures provided by Professor Moyer show that on 
rve-of 600 feet radius the side slip of the back wheels (the amount by 


Aoy%, -- 1 Footnote (5), p. 329, 


h they track outside the front wheels) may be as much as 10 inches for ze 
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a car travelling at 50 to 60 miles per hour. Speaking in terms of ay 
angles, Professor Moyer’s diagrams show that a slip angle of quite 4 degrees 
should be provided for. The wheel-track of the car does not affect the 


problem ; it will be taken as 5 feet for purposes of calculation. On th 
basis the amount by which the outside wheels ascend or descend the grad 


Figs. 8. 


Dp ——=——— Path of rear wheels 
Path of front wheels 


lip-angle Ps 


of rear wheels = ad 
- 


=<. 
-~ 
~~ 
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CAR TRAVELLING AT HIGH SPEED ~ 
OR ACCELERATING. 


CAR TRAVELLING AT SPEED FOR WHICH 
CURVE IS SUPER-ELEVATED. 


Cc denotes the total centrifugal force 
c » centrifugal force on rear wheels 


a ” 
a sideways force on rear and front wheels 
DAA « « resultant frictional force on rear and front wheels 
D b » total driving force 4 
Dp aR .. fadial component of driving force 


ae 


is 5 sin 4° = 0°35 foot. Assuming a gradient of 1 in 6, this means @ 
increase or decrease in superelevation of 0-06 foot in 5 feet, or 1 in» 
Considering that an extreme case was taken (but nevertheless one whie 
may occur in mountain roads) this is not a very large factor, but to 
must be added the effect of the centripetal component of the braking | 
of a car descending the grade. Thus if the gradient is 1 in 6, a b 


4 
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coefficient of %, or say 0-25, to allow for a margin to reduce excess speed, 
is needed. 
The centripetal component caused by this will be 


0:25 sin 4° (where W denotes the weight of vehicle) = 0-018W (see 
Figs. 8). 


Tn other words, an increase in superelevation of 1 in 56 is required. Thus, 
in order to maintain balanced dynamic conditions, a total increase in 
superelevation of 1 in 34 may in an extreme case have to be provided, when 

a car is descending the grade. As under slippery conditions an increase 
of this amount in the superelevation would make it difficult for ascending 
rs, the necessity will be seen of paying attention to the “ compensation ” — 
of curves by reducing gradients where such mountain conditions arise. 
If the gradient cannot conveniently be reduced, then it is essential that the 
ultimate value of B should be made as low as possible. 


Location or TRANSITION-CURVES. 


_ Before a transition-curve can be calculated or set out its basic properties 
have to be determined. In the case of entirely new motorways, it is 
esirable that one speed-standard should be maintained for all curves. 
for this reason the values of B and C should be established and should be 
aintained on every curve, if at all possible. If the values of B and C 
e to be increased for any individual curve, there will be a danger of 
motorist misjudging his turn through an attempt to maintain the 
neral average for which the road is designed. In this connexion it 
ould be helpful in the prevention of accidents if notices indicating the 
fe speed on all main roads were provided ; any departure from this safe 
sed, or any increase in the value of C or B, should be brought to the 
ttention of motorists in some suitable manner. 

After the desired speed-standard for a new road has been fixed, or, 
the case of a curve improvement, after the speed-standard has been 
ed to fit in with the existing curves, it is possible to locate the new curves 
1a plan. This may be done by means of the curve-plotters developed 
rofessor Royal-Dawson, or by means of the transition-curve locator 
ribed by Mr. E. W. W. Richards. Suitable curve-plotters may be 
en to suit the speed-standard and scale of the drawing. The plotters 
cator may then be adjusted until the centre-line can be drawn in to 
he local conditions. It is then possible to determine approximately 
deviation of the transition, and hence to calculate preliminary values 
she remaining properties of the curve, before taking more accurate 
dolite measurements. . : 
this stage it must be decided whether the curve is to be wholly — 


Jf 


are considered by some to be limited by the fact that excessive widening ! 
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by local conditions or obstructions, provided always that the limitations 
imposed by the values of Band C are met. In the case of a road-improve- 
ment it may be necessary to approach as near to the intersection-point as 
possible, in which case the full value of B will be developed, but when th e 
engineer has a free hand there is no reason why B should not be kept very) 
small by the insertion of a curve having as large a radius as possible. 
this way the necessary superelevation may be kept small, which is a very) 
great advantage under ice conditions, and is an ideal to be aimed at under! 
all conditions. In this connexion it may be stated that, according tod 
Professor Moyer, a value of B of 0-3 in excess of that taken up by super-' 
elevation is the limit for the comfort and physical powers of the driver. + 


WIDENING Roaps on CURVES. 


At this stage attention should also be given to the advantages accruing; 
from a widening of the road on curves in order to allow for longer sight- 
distances and for the increased space taken by a vehicle on a curve. For 
radii above about 700 feet the theoretical widening does not exceed 1 foot, | 
and thus it may be taken that only curves of smaller radius’ than that 
need to be so treated. The theoretical requirements of widening on curves 


will encourage some drivers to make three traffic-lanes in a nominal two 
lane road, thus defeating the objects of the engineer in widening the roae 
at this point. If this limitation is accepted the widening should no bt 
exceed about 3 feet, it being assumed that a band of unobstructed ground 
is left on the inner edge of the road to provide for adequate sight-distances. . 

The method where each side of the road is set back from the centre-line 


by a distance equal to }W cosec (90 = 4), measured everywhere parall al 


to the line joining the intersection-point with the centre of the curve, has 
the advantage that both edges of the road are maintained as true lemnis- 
cates or spirals of identical scale, but, if the above consideration is adoptec 
its application will be limited to the deviation-angle at which W cosee 


(20 -4) — W becomes greater than 3 feet, that is, 


W{ cose (90-3) - bp 3 feet ; 


that i W (eS 1)>s feet. 


Taking W as 20 feet this limits /\ to 59 degrees 12 minutes, or alg 60 degrees 
This method of widening will therefore'apply to most road-curves. If the 


> 
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60 degrees the only method is to lay the inner.edge out to a slightly smaller 
‘scale than the outer edge, unless some arbitrary or empirical method is 
adopted, a practice which is not to be advised as the properties of the 
‘turves would thereby be altered. Of course, for sharp curves of large 
deviation such as may occur on mountain roads, this limit of 3 feet for the 
widening is rather small, 


see ConcLusion. 
_ A realization of the potentialities of the correct transitioning of curves 
‘may lead to a revolution in highway-alignment. Far from it being 
‘desirable to take the route giving the straightest road, curves may be 
‘inserted purposely without in any way affecting the speed-standard or 
safety of the road. Where a twin carriage-way with a dividing hedge 
down the centre to prevent headlight glare cannot be provided, attention 
“should be directed to the possibility of inserting regular large-radius 
| curves set out to a constant speed-standard. In this way much would 
“be done to lessen the danger of headlight-glare, which is such a fruitful 
source of road-fatalities, and incidentally the objections of camber would 
be overcome by the provision of correct superelevation. 

| There is still much scope for research in the matter of transition-curves. 
‘The permissible value of C is still largely controversial, and the necessity 
for its establishment at a fixed value, to be maintained wherever topo- 
yraphical conditions permit, is a matter badly in need of official attention 
in Great Britain. Preliminary tests by the Author point to the possibility 
of a variation in the value of sideways force-coefficient attainable if the 
sideways force is applied quickly. This is a point worthy of the closest 
tention, as in order to obtain a safety-factor in the value of B under bad 
conditions it may be deemed advisable to depart from the value of C = 1 
foot per second per second per second, a figure chosen largely from con- 
siderations of comfort. The effect of weight and speed of vehicles on the 
value of C are also factors which are not yet fully understood, whilst there 
is still need for investigation of compensation for grade on curves. 
The values of B and C taken in the examples are not meant to indicate 
y recommendation on the part of the Author. There are circumstances 
here physical features and other considerations preclude a value of 
= 1 foot per second per second per second, or B = 0-25, and there are 
gineers who consider that that value of C places too high a standard on 
mfort. For these reasons the formulas in this Paper have been modified 
the extent of keeping B and C as symbols in the final form, and it was to 
trate the flexibility thereby introduced that values other than 1 foot 
- second per second per second and 0-25 were taken in two of the 


by 


350 ORCHARD ON A Sl Y OF ' P Posr 


tte @ -) 
examples. In the meantime, it is left to the engineer to_ 
standards he will adopt, with a strong plea that wherever possibl 
should be kept at a regular value and not fixed indiscriminately. 


_ and by four worked examples of the application of the formulas, 


which are arranged as Appendixes I and II. 
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APPENDIX I. 


_ Suppose that a road-curve has to be set out round a shoulder of rock, and that 
in order to minimize the expense of cutting this rock it is desired to approach as near 

to the intersection-point as possible. (Another circumstance under which it may be 
necessary to approach as near as possible to the intersection-point is when church 
me rerty would have otherwise to be taken.) It is for this reason considered necessary 
| by the engineer to increase the value of C to 1-15 feet per second per second per 

second and the value of B to 0-3. The speed-standard is to be 40 miles per hour, 
and the total deviation to be 103° 39’ 00”. The type of curve used is to be the spiral. 


BY The minimum theoretical radius is given by formula (6) (p. 335), 
V2 = 14-969 x BR, 
We 40 x 40 


- 14-969 x 0-3 
- = 356-292 feet. 


| The preliminary value for L is given by formula (8) (p. 336), 


L = 47:227VB 
Cc 
__ 47-227 x 40 x 03 
i 1-15 
a = 492-804 feet. 
The value of ¢ taken up by each half of this transition is given by formula (4) (p. 334), 
L=mvV ¢ i 
[Us (492-804)? = (2 x 492-804 x 356-292)4, 
whence . ¢ = 0-6915733 
= 39° 37 27° 


his gives a total deviation for the two transition-curves of 79° 14’ 54”. The deviation 
tween the straights must be 103° 39’ 00’, so that a circular section will be necessary. 
he present case is obviously one in which no increase in the minimum radius attained 
“desirable, since it is required to keep the apex distance AX (Fig. 2, p. 335) as 


The preliminary values of L and of R will then hold good, and hence the length 
subchord 1 may now be decided. A suitable value for 1 may be taken as 50 feet 
for the first nine chord points and 42-80 feet for the last chord point. 

- It will be assumed in the present example that, because of an obstruction to the 
e theodolite up to the station-point distant 


of sight, it is necessary to move th 
feet from the origin of the curve. The radius at this point may be calculated 


om the relation LR = constant ; 

ce 300R = 492-804 x 356-292 
Hat. - R = 585-27 feet ; 
angle subtended by a 50-foot chord at the centre of this circle 

’ : ; tain ay oS Te DD 

== 2 sin * ea Sa 
= 2sin—1 0-0427151 : 
= 2 x (2° 26’ 53”) 


. 4 ey in 
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Hence the deflexion angle for a 50-foot chord = 2° 26’ 53”. Similarly the deflexion) 
for a 42-80 foot chord 


The values of the polar deflexion-angle « may now be calculated from formula a 
(p. 337) — ae 
m = V2RL = V2 X 356-292 x 492-804. 
log 2 = 0-3010300 
log 356-293 = 2-5518060 
log 492-804 = 2-6926742 


2 oo 


Hence log m = 2-7727551. 
log 3= 0-477121 
log 105 = 2-021189 
log 5997 = 3-777934 
log 198700 = 5-298198 


2 log m ’ 6logm 10 log m 14 log m 
5-545510 16-636531 27-727551 38-818571 
0-477121 2-021189 3-777934 5-298198 


6-022631 18-657720 31-505485 44-116769 
= log 3m? = log 105m* = log 5997m!° = log 198700m14 


These are the values which in Table A must be subtracted from the logarithm 
of 12, 1, 119, and 114, 

The system of tabulation employed i in Table A is really self-explanatory. OK 
number of terms which have to be taken in the series can easily be seen from the¢ 
index of the logarithm. Thus, if the Table is being worked to six decimal places ; alli 
terms with an index of 6 and some with an index of 7 must be considered. Column 
may be regarded as the length of the transition-curve to the particular point being set 
out. The figures that should first be entered up in the 3rd, 4th, 5th, and 6th co 
represent the logarithms of the numerators of the different terms of the series. Under 
each of these should be put the respective logarithms of the denominators of the terms 

in the series. The subtraction may then easily be made and the antilogarithms of the 
caluan so obtained entered up for addition in column 7. 

Table A will permit the curve to be set out as far as 1 = 300 feet. When tl 
point has been located the theodolite must be set up over it and sighted back to the 
origin O (Fig. 9). If it is then. turned through an angle ¢— « = OpA and transited 
it will be pointing along the line Ap which is tangent to the ia at that pointy ¢ 
is given by 


From previous calculations 
log (1?) = 4-954242 
log (m?) = 5-545510 


Hence log ¢ = 1-408732 


% 


ROAD 


= 
% pw) log 1 


5 


Start of circular 
curve 
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TABLE A. 
3 4 5 6 7 8 
2 logl 6 log lL 10 log 1 14 log 1 tang a 
1-698970 | 3-397940 | 10-193820 0-002373 | 0° 8’ 9” 
6:022631 | 18-657720 
3:375309 | 9-536100 
2-00 4-00 12-00 
6-022631 | 18-657720 0:009492 | 0° 32’ 38” 
ag eee 
3:977369 | 7-342280 
2-176091 | 4:352182 | 13-056546 0-021358 
6:022631 | 18657720 0:000003 | 1° 13’ 25” 
2:329551 | 6-398826 0:021361 
4-570214 | 13-710642 0-035284 
6-022631 | 18-657720 0-000011 | 2° 1/17” 
9-547583 | 5-052922 0-035295 
2-301030 | 4602060 | 13-806180 0-037969 
6:022631 | 18-657720 0-000014 | 2° 10’ 31” 
5579429 | 5148460 0:037983 
2-397940 | 4:795880 | 14-387640 0:059327 
6-022631 | 18-657720 0-000054 | 3° 23’ 54” 
9-773249 | 5-729920 0:059381 
2-477121 | 4954242 | 14-862726 | 24-77121 0-085430 
a 6-022631 | 18-657720 | 31-505485 0:000160 | 4° 53’ 31” 
| 2-931611 | 4:205006 | 7265725 0-085590 
| 2-692671 | 5:385342 | 16-156026 | 26-92671 | 37-697394 | 0-230521 
6-022631 | 18-657720 | 31-505485 | 44-116769 | 0-003150 | 13° 9’ 14” 
ee SNe aes | 2 — 18000026 
1-362711 | 3-498306 | 5:421225 | 7-580625 | — 
poe see - 1.238607 
Fig. 9. 


_ The theodolite may then be set up at X, sighted back on to p, and turned t 


~- 8 ge a ae a re ee 
m 2 a Sy agen 


= 7 


a 
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d= 0-256290 qi 
= 14° 41" 4", 
From the calculated Table, = 4° 53’ 31” ie 
Hence the back angle = 9° 47’ 33” 


The deflexion-angles from the tangent-line Ap must now be computed and tabulated 
as in Table B. 


TaBLe B. 


; Osculating-circle | Spiral deflexion. | Total backward Total forward 
deflexion. deflexion from Ap.! deflexion from Ap. 
OS | ee eee 
o | 44°41'18" | 4°53’31" 9° 47’ 47” - 
50 | 2° 14’ 25” 3° 23’ 54” 8° 50’ 31’ age 
100 9° 47’ 32” 2° 10’ 31” 7° 37’ 01" = 
150 7° 20’ 39” 1° 13’ 25” 6° 07’ 14” ae 
200 4° 53’ 46” 0° 32’ 38” 4° 21’ 08” oa 
250 2° 26’ 53” 0° 08’ 9” 2° 18” 44” a 
Change-point 
300 0° 00’ 00” | 0° 00°00" =| ~—0° 00’ 00" | 0° 00’ 00" 
350 2° 26’ 53” 0° 08’ 9” af 2° 35’ 02” 
400 4° 53’ 46” | 0° 32’ 38” | i 5° 26’ 24” 
450 7° 20’ 39” 1° 13’ 25” — 8° 34’ 04” 
492-80 9° 26’ 23” | g° 3-99" | _ 11° 27 40” 


Sufficient information has now been obtained to enable the transition to be set ou! j 
and the deflexions for the circular portion must next be calculated. 


Now pZX = ZAQ +. (180° — ZQR) (see Fig. 9). But ZQR = deviation taken. 
up by first half of transition, and ZAQ = deviation reached after 300 feet. 


Hence p2X = 14°41’ 4’ 
+ 180° 


= 194° 41’ 4” , 
— 39° 37’ 27” 


= 155° 3’ 37” 


Again, pXZ = 180° — (XpZ + pZX). 


From Table B, XpZ = 11° 27’ 40” 
155° 3’ 37” 


166° 31’ 17” 
Subtracting from 180°, pRZ = 13° 28’ 43”. 


pRZ to obtain the alignment of the tangent QX. 
The deviation to be taken up by the circular are 


= 103° 39’ 00” 
79° 14’ 54” 


= 24° 24’ 06". * 
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The angle subtended by a 50-foot chord at the centre of this circle 
25 
356-29 
2 x« (4° 1’ 25”) 
8° 2’ 50” 


= 2sin-1 


l 


Hence there must be three 50-foot chords and a chord subtending an angle of ;— 


24° 24’ 06” 
— 24° 87 30"[3 x (8° 2’ 50”)] 


0° 15’ 36” 
Ss The length of this chord will be 
a 15’ 36” 
: ero ih 
a = 1-615 feet. 


the following Table gives the necessary information for setting-out the circular curve. 


Distance from Polar deflexion- 
point X: feet. angle. 
50 4° 4” 25" 
100 822 50" 
150 12° 4’ 15” 
161-615_) . |... 123,12" 037 \ 


T complete the calculations the shift and the tangent-distance must be determined. 
| To find X :— a z 
’ ¢ = 39° 37’ 27” = 0-691573 radian. 
= * log ¢ = 1°839838 
2g te log Vd = 1-919919 
a log m = 2-772755 


log mV 6 = 2-69267, whence mV b = 492-804 feet. 
log 5|2_ = log 10 = 1-000000 


log 9 | 4. = log 216 = 2:334454 
log 13 | 6 = log 9360 = 3-971276 


4 log d 6 log ¢ 
.7-359352 1039028 wey 8 
2-692674  -2-692674 (add log mV'4) = 
2-052026 —-1-731702 ee 


2-334454 3-971276 (subtract log of respective demoninators) 


 -T-717572 3760426 ; Ts st Oe 
| 0-006 (antilogs) ee: 4 o rca ‘ 
Pe ae ; : 2 


a, 5 ee > 
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Hence X = 492-804 (1st term) 
— 23:57 (2nd term) 
469-234 (Ist term-2nd term) 
i 0-522 
— 0-006 
: = 469-750 feet. 
a TofndY:— ° 
log 3 = 0-477121 ” 
‘ log 7|_3_ = log 42 = 1-623249 
F log 11 |_5. = log 1320 = 3-120574 ke 


log ¢ Blog ¢ 5log ¢ 
. T-839838 1519514 ~——-1-199190 a 
2-692674 2-692674 «2692674 = (add log mV) 


2-532512 2-212188 1-891864 
0-477121 1-623249 3-120574 (subtract log of respective denominators) 


2-055391 0-588939 2-771290 


my 


118-603 3-881 0-059 (antilogs) 


Hence Y = 113-603 (1st term) 
— 3-881 (2nd term) 


7 


109-722 (1st term-2nd term) 
+ 0-059 (3rd term) 


= 109-781 


S = Y¥ — R(1 — cos g) (Formula (12), p. 33 

cos ¢ = 0-770244 

1 — cos ¢ = 0:229756 

log (1 — cos 4) = 1361267 
log R = 2-551806 


log R(1 — cos ¢) = 1913073 s 
RQ — cos ¢) = 81-860 


S = 109-781 
— 81-860 - 
= 27-921 
Tofnd the angentdistance :— a . 
ii 
=~) < ’ 


a (R + 8) tan 4 + (= Ring) Forman, 


ee 
= all 


a - 
- 


ae 
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a 


p In the present curve, 


4 = 51° 49’ 30” : 
¢ = 39° 87’ 27” for each transition. 
R= 356-292 7 
S= 27-921 


R + S = 384-213 


a log (R + 8) = 2-584572 
log tan 4 = 0-104458 


log \(R + 8) tan Al = 2-689030 


(BR + 8) tan = 488-686 feet. 


log R= 2-551806 
logsing = 1-804650 _ 


log Rsing = 2356456 <= 
Resin § = 227-225 feet an 
X = 469-75 
R sin ¢ = 227-23 3 
; rm X — Rain ¢ = 242-52 feet 
a : — 

ce the total tangent-distance = e 2 

= 488-69 ce 

+ 242-52 : 


= 731-21 feet. 


_ sitional. It will be assumed, however, that as the country is open and flat the engineer | 


: pR = 35-8097D? 
~ whence p= en a 105-08? 
= 263-60 feet 


-'The final value of « and hence ¢ for the transition part of the curve may now be found 


- 
‘ s ae 
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APPENDIX II. 


It is required to set out a curve with lemniscate transitions in flat open country 
and to comply with the following standard. :— 


(a) Speed-standard 50 miles per hour. 

(6) Maximum permissible value of centrifugal ratio B = 0-2. 

(c) Maximum permissible value of rate of change of centripetal acceleration — 
C = 1 foot per second per second per second. 

(d) Deviation between approach-straights = 31° 00’ 00”. 


By applying formula (15), 11-4C0D* = V%, the length of unit chord may at once be 
determined. 

11-4 =.1 x D* = 50°, 
whence D = 105-08 feet. 
The minimum theoretical radius is given by formula (6), 


V2 — 14-969BR, 
50° = 14-969 x 0-2R 
whence R= 835-06 feet. 


If the curve has to be wholly transitional, then 
a = % = 5° 10°00", 
Substituting in equation (16), p = 10-3648DV sin 2a 
= 10-3648 x 105-08V sin 10° — 20’, 


= 461-28 feet. 
If the curve is wholly transitional, then, substituting in pR = 35-8097D2, 
461-28R = 35-8097 x 105-082, 
which gives R = 857-19 feet. 


Since this value is larger than the minimum allowable, the curve can be wholly tran- _ 


decided to increase R to a large value, but to keep the scale of the transition and _ 
therefore the speed-standard unchanged. It will be taken that the minimum value 
decided on for R is 1,500 feet. 

The value of p corresponding to this is given by 


from formula (13), 


p = 3R sin 2a, 
whence i a 263-60 _ j 
; sin 20 = 51500 
which gives 2a = 3° 21’ 30” 
: a = 1° 40’ 45” 
and ¢ = 5° 02’ 15” 
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It is now necessary to decide on a suitable value of « for the first chord ; this value of 
# should be such that the subchord length should assume a reasonable proportion. 
Tt is noticed that D, the length of unit chord which subtends a polar deflexion-angle 
of 16’, is 105-08 feet. Thus if for setting-out purposes the first value of « is taken as 


a ’ the first value of / will be very nearly a/ « x 105-08= 52-54 feet, a very convenient 


figure. As the deflexion of the transition is small it will be quite safe to increase « 
exactly as the square of the arc lengths desired. Hence convenient values for « 
ae ill be 4’, 4’ x (2)2, 4’ x (3)%, 4’ x (4)2, 4’ x (5)? and so on. 
It is now necessary to calculate the values of p corresponding to these decided 
alues of. This can be done by using formula (16), p == 10-3648D¥V sin 2a 
log 10-3648 = 1-015561 
log D = log 105-08 = 2-021520 
log 10-3648D = 3-037081 


ee 2 TaBLE C. 
er 
ie 1 2 3 4 5 
LS eg Qu log sin 2 4 log sin 2a p 
ye 4’ 8 3-366816 2-683408 
Pe 3-037081 52 -54 
Z 1-720489 
a. ee ee ee ee Se 
mee 64 x 22? = 16’ 32? '3-968870 2-984435 
= 3-087081 105-08 
2.021516 
Mm - 4x 32= 36’ 1° 12’ 3.321027 1-160514 
- 3-037081 157-61 
* 2-197595 
Seg x 42 = 1° 04’ 2° 08’ 3-570836 T-285418 
a 3-037081 210-14 
2-322499 
ig ae 2-767733 1383867 
40’ 21 3-037081 263-60 
45" 30” 2-420948 


audy column which is not self- 
figure in each line of column 4 1 
ed the logarithm of 10-3648D. The antilogarithm = p is entered up in column 5. 
is either not possible or thought unsatisfactory, Table D permits 
thod or the method of chaining continuously round the curve to 


# 


Mg 


_ If Table D is compiled there is no need to insert column 5 of Table C. Columns 3 and 


polar deflexion of about 3°, after which the tabular method of calculation must be 
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TABLE D. 


Sub- 
phere % | logsin a | log cos % x | el ae y, |Subchord? chard Py | ; 
1 | 4’ | 3-065786 | 0-00 
1-720489 52-54 | 0-06 | 52-54 | 0-06 52-54 | 52. 


2-786275 


T-999995 ) 2760-45 


2 | 16” | 3-667845 
2-021516 | 2-021516 | 105-08 | 0-49 | 52-54 | 0-43 0-18 | 52-54 | 105- 
—————— | 
T-689361 | 2021511 . | 2760-63 

3 | 36’ | 2-020021 | 1-999976 2759-40 


2-197595 | 2-196595 | 157-6 | 62-53 , §2- 


0-217616 | 2-196571 


4 | 1° | 2-269881 | 1-999925 
04’ | 2-322499 | 2-322499 


210-10 | 3-91 


0-592380 | 2-322424 


5 | 1° | 2-466905 | 1-999813 
40’ | 2-420948 | 2-420948 


53-39 | 4:35 


0:997853 | 2-420761 


of the Table D are obtained by adding log p (as found from column 4 of Table C) for 
the particular value of « to log sina and log cos« respectively. Columns and ¢ 
are the antilogarithms of the results obtained in columns 4 and 3 respectively 
Columns 7 and 8 are obtained by subtracting from the values in columns 5 and 6 for 
the particular line, the values in the line immediately above. In column 9 are added 
the squares of the values in columns 7 and 8, whilst the values in column 10 are the 
square roots of those in column 9. The values given in column 10 represent the sub- 
chords or lengths of chord between the polar rays determined by the values in 
column 2. Thus, in setting-out, the lengths will be run continuously from each 
previous station-point to intersect the polar ray for the next station-point. If it is 
desired to use the offset method of setting-out, columns 7, 8, 9, and 10 may be 
omitted. 

As far as Table D goes, the square law can be seen to hold with good accuracy, 
and this law may without introducing appreciable error be assumed to hold up toa 


applied. Actually for a polar deflexion of 3° 16’ and a speed-standard of 50 x 
per hour the error is 0-88 inch in SJ, and is proportional to the chord-length for o 
speed-standards, This approximation is in fact Mr. Criswell’s formula, except that 
he employed the American degree system, whereas in the present example Professo 

Royal-Dawson’s unit chord system has been adopted, 


a” 
F 
44 3 . 
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| ‘For the whole curve A = 81° 00’ 00” 
_—,__ two transitions ¢ = 10° 04’ 30” 
SS . = ar. 
G- » circular arc, deviation = 20° 55’ 30” 
Pa 
___ Deviation for 50-foot chord on circular are 
a cat RS 
ie “ 1500 
oe = 0° 57’ 18” 
rs Hence the number of 50-foot chords required for the whole circular arc 
_ 20° 55’ 30” 


= 10-9555, 


: 
Pa so that the circular are will consist of 10 chords of 50 feet and one of 50 x 0:9555 
= 47-78 feet. 


a = 2 (oT 187) 


_ Table E will allow the circular arc to be set out. 


oe - 


, 
how 
y sg TABLE E. 
r 
f Station point. Sub-chord length. LNCS eet dal 
: a 6. 50 O8F 57%. 187 
i 7 50 i 54’ 36" 
—_,* 8 50 DOL 0 OS” 
1 9 50 3° 4912” 
aa 10 50 aud? 46% (30” 
aa 11 (0) 5° 43’ 48” 
4 12 50 6° 41’ 06” 
a 13 50 TOSS oe 24" 
14 50 So epeenaos 
: 15 50 Oe 35 OOF 
16 47-78 LOZ 27045" 


set out the circular arc the theodolite should be shifted to station-point 5 and sighted 
k on to 0. If it is then turned through 2x = 3° 21’ 30” and transited it will be 
gent to the curve at station-point 5, and the above deflexions can then be set out 
n this tangent line. 


nd the Shift.— 
From formula (12), 
; = S= Y — R(1 — cos 9) 
cos ¢ = 0-996137 
1 — cos ¢ = 0-003863 
log (1 — cos 4) = 3-586925 
log R = 3-176091 


log {R(1 — cos ¢)} = 0-763016 ‘ 

R(1 — cos ¢) = 5°79 

SSG ee 
— 5:79 £55 - — : 


= 1-93 feet. cbse 
oe ae Z ? A 
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To find the Tangent-Distance.— 
From formula (11), the tangent-distance = (R + 8) tan > Ay(x- Rs 


In the present curve 


b= 15° 30’ 00" 

¢ = 5° 02’ 15” for each transition 
» R = 1,500 
; ese aie 
R +S = 1501-93 


log (R + 8)= 3176650 


’ p 
a hi stm ; 
: log tan = hen 1-442988 a 
; log (R + 8) tan 4 = 2-619638 * 
; 4 q 
.(R +8) tan S = 416522 

E log R= 3176091 . 

- -- log sing = 2-943532 4 


log Rsing= 2119623. F 7 

-, Ring = 131-711 ’ 
X = 263-49 . 

Rein ¢ = 181-71 


X — Rain ¢ = 131-78 feet. 


- Hence the total tangent-distance 
= 416-52 
++ 131-78 


= 548-30 feet. oa 


made. S (see Fig. 5) could have been determined directly from S$ = Lf and R sir 


could have been assumed equal to 5 which is the same as assuming that the t ra 


~ 2 
a7 portion of the curve is divided equally by the original tangent point of a cir 
having radius = (R + 8). Also it could have been assumed that « is di 
portional to the square of the length of transition. 
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INTRODUCTION. 


investigation described in the present report forms a continuation 
the work carried out by the late Sir Thomas Stanton, F.R.S., M. Inst. 
., and described by him in a Paper? presented to The Institution of 
Civil Engineers in 1924. 
| The object of the experiments described in this Paper is to attempt to 
stermine whether, in the case of a wind-gust striking a structure of large 
mensions, the maximum average pressure on the structure is less than 
maximum pressure indicated at a single point, Sir Thomas Stanton’s 
eriments were made, first by means of a number of. pressure-tubes 
ed on towers, 60 feet high, in Bushy Park, Teddington, and covering 
tal span of 350 feet, and afterwards on Tower bridge, London, which 
a span of 225 feet. It was considered that the former site did not give 
esentative results, and as regards the latter, the general conclusion 
ived at was as follows: “.. . that in winds of moderate intensity, 
to 50 miles per hour, the pressure on a large area during the passage 
gust is, in the majority of cases, appreciably less than that on a small 
_ There is, however, very definite evidence of the existence of gusts 


Correspondence on this Paper can be accepted until the 15th June, 1939, and 
published in the Institution Journal for October 1939.—Szc. Inst. C.E. = 
Report on the Measurement of the Pressure of the Wind on Structures.” 
‘of Proceedings Inst. C.E., vol. 219 (1924-25, Part 1), p. 125. € 
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up to 50 miles per hour in which thi 
variation in velocity over the front is ss 


S| | Pe small that, in the case of a structure in a3 

rae ee | 4. exposed position and having a span of les 

re 3] OU he: than 250 feet, the pressure over th 
1—-— o-—4 f * whole area is sensibly equal to that at. 

& point in it. Obviously, if this conditio 
a were found to obtain for gusts of sti 


higher intensity and for structures r 
much greater span, no reduction in 
wind-pressure factor on account of laters 
variation of wind-speed could be justified.” 
It was considered desirable that thess 
experiments should be repeated on : 


a 
| 
| 
| 


”,OttaL,..292'.0%. p14 268", 0°" 


much larger span, and at the request o 
the Steel Structures Committee of th 
weer ts aa . Building Research Board this work 
Jeena & put in hand. 
| 38 E It was decided to carry out the ex 
85 _ y, periments on the Severn bridge, which 
' & is over 4,000 feet long and carries a single 
——-+—— 5 track railway across the river Severn as 
; = a point about } mile above Sharpness 
. , y, Gloucestershire. This bridge, shown 3 
ee : & Fig. 1, is composed of twenty-one bow 
= & string girders, having spans varying fro 
pk «Cs: 34 feet to 324 feet, carried on twit 
- 33 cylindrical piers. The bridge offers ver 
8 “ little obstruction to the wind and, as 
fi-——- prevailing winds in the British Isles are 
me eX south-westerly and meet the brid 
ae 


100° 0” 


sidered to meet all the requirements 
On the windward side of the bridge, th 
land is reasonably flat and offers no majo1 
obstruction to the oncoming wind. / 
map of the site is given in Fig. 2. 


ScHEME OF THE EXPERIMENTS. 


a 


} 
[es : 
1S The general scheme proposed 


3 5 (a) to erect a number of fixed “ Dines 
s iS heads, with the pressure tubes facing th 


prevailing wind, over as wide a wine 


ANY 
é, 
‘ 


a : 
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,% Fig. 2. 


Berkeley 
- Berkeley road 


Scale; 1 inch = 3 miles. 
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_—_—— SS Se eee 


Map or SIre. 


onnected as to give the average of their pressure-readings, and (b) to 
ce an additional head at the centre of the group to give the pressure 
at this point. Since the two long spans near one end of the bridge 

lave girders which are 40 feet high, whilst the remainder are about 17 
t high, it was decided to confine the tests to the shorter spans from which 
otal test length of 2,680 feet could be obtained. To cover this distance, 
“ Dines ” heads were erected at a height of 32 feet above the bridge 
itforms on tubular steel poles at approximately equal distances apart 


Figs. 3. 


i | Additional '' Dines "* head 
C.L.of span, on spans N° 5 & 15 
(N% 1-13) ° 


ine Se MeCTeS Oe PEN 


3” lead tubing 
strapped to column 


ws 


@ To Sharpness stn. 
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(Fig. 1 and Figs. 3), and an additional head was erected near the 
centre of each group of five. Arrangements were then made to obtain 
simultaneous continuous records of the average pressure on each group 0} 
five heads and on each of the two additional heads. 


Apparatus: THE ExLecrric ANEMOMETER. 


‘As the usual method of transmitting the pressure to the recorder | 
piping could not be employed on account of the long distances, 
electrical method of transmission was developed. The electric ane 
meter, which was finally found to be successful, is shown in Figs. 4. 


Pipe to suction side 
of “ Dines" head 


—— Pipe to pressure side 
N AANA RARAARARRRARARRRRRRAR of * Dines" head 


Plan of coil 
and contact roller Spiral spring F 


GENERAL ARRANGEMENT OF ELECTRIC ANEMOMETER. 


consists of a pile of thin metallic capsules, 5 inches in diameter, made 0 ; 
corrugated sheets of German silver, 0-002 inch in thickness and solde 


in a cup fixed to the lever, this lever giving a magnification of movement 
of about 20 to 1. At the free end of the lever is a small bracket carryin 
a pivoted stainless-steel roller, } inch in diameter and } inch wide on th 
face, which is pressed lightly on to a vertical potentiometer-coil. T 
coil is made by close winding No, 32 silk-covered “Eureka” wire on a hb 88 
former, previously treated with bakelite varnish. The ends of the coil are 
soldered to clips of ‘ Eureka ”’ strip which carry the connecting terminals 
the outside of the coil then being treated with bakelite varnish which , 

_ scraped off over the narrow strip where contact with the roller takes place 
Positive electrical contact between the roller and the lever-arm is 
obtained by means of a hair-spring, and between the lever-arm and i 
fixed terminal by means of fine copper “ pigtail.” | 
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The instrument is enclosed in a circular cast-iron box, with a close- 
fitting machined lid made airtight by grease on the joint. Four terminals 
‘pass through the wall, two for supplying current to the coil and two for 
the potential leads to the recorder; there are also two pipe connexions, 
‘one leading to the inside of the capsules and the other into the box, the 
former being connected to the pressure tube of the “ Dines”’ head and 
the latter to the suction-tube, so that the pressure-difference is acting on 
the capsules. Experiments with this instrument show that when a steady 
‘eurrent of electricity is passed through the coil, the potential-difference 
etween one end of the coil and the point of contact of the roller is pro- 
‘portional to the pressure-difference applied to the capsules, and continuous 
‘running over long periods shows that the calibration is well maintained. 
In order to reduce to a negligible amount the possible effect of contact- 


Fig. 5. 
+). L.T. 2 volts 


Potentiometer coil 


Rheostat we, Pie ee 


Recorder 


‘DiacRam or Connexions ror Exectric ANEMOMETERS (RECORDER OPERATED 
BY A SINGLE INSTRUMENT). 


sistance between the roller and the potentiometer-coil, and also the effect 
variation in resistance of the potential-leads, the latter are connected 
the recorder end to the grid-circuit of a small two-volt power-valve ; 
this means the variations of potential can be transmitted over long 
tances without loss and can be determined by calibrating against the 
de-current of the valve. 
The final record is obtained by means of a milliammeter recorder, 
h, on calibration, gives the variation in anode-current as a function 
he pressure-difference applied to the electric anemometer. Also, since 
potential-difference is proportional to the pressure-difference, the 
rage of the pressure-differences for a series of anemometers can be 
orded by connecting the potential points of a number of anemometers 
Ties. 
‘he scheme of wiring used to obtain the pressure-difference at a single 
rument and the average pressure-difference of a group of instruments 


shown respectively in Figs. 5 and 6. 


O 
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Fig. 6 ; 
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Diagram or CoNNEXIONS FOR ELrectric ANEMOMETER (SEVERAL INSTRUME 
OPERATING IN SERIES). 


THE LAYOUT AT THE SEVERN BRIDGE. 


Fig. 7 shows one of the fixed “ Dines ” heads erected on the tubular 
steel pole. The opening of the pressure-tube was set to face a wind a 
right angles to the bridge from the south-westerly direction, the clearan oc 
above the top of the girder being about 15 feet. The bridge has a slig 
fall towards the Sharpness end (about 1 in 150), but it was not considered 
necessary to vary the lengths of the poles as the differences between th 
end instruments and the mean level was only + 10 feet. The pressure- 
tube and the suction-holes of each of the ‘‘ Dines ” heads were connected 
by copper tubing to an electric anemometer carried on the bottom boom 
of the girder, as shown in Fig. 8, on which can also be seen the drain taps 
used for keeping the connecting pipes free from water. At the middle 
point of the length under observation an additional pole was erectec 
carrying a standard rotating “Dines” head (Fig. 9, facing p. 369) 
connected at the base to a standard wind speed- -and-diteotion recorde: 
intended to provide a continuous record of wind speed-and-direction fo 
correlation with the anemometer records. 


f THE FIXED “DINES” HEAD. 


Fig. 8. 


. ELECTRIC ANEMOMETER CONNEXIONS. 
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DIRECTION RECORD 


Fig. 9. 
Fig. 11. 
(e) 


THE STANDARD “DINES” HEAD. 
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The anemometer-records were obtained on.a four-pen milliammeter 
recorder having a maximum range of 8 milliamps, and a chart-speed of 
3 inches per minute. The instrument was housed, together with the 
necessary switchboards and electric accumulators, in a hut on the embank- 
ment near one end of the bridge. 

3 Each electric-anemometer-coil was connected to its appropriate point 
on the switchboard in the recorder-hut by a twin 1/0-044 lead-covered 
tubber-insulated copper cable through which the necessary current was 
supplied from a battery of accumulators. Similar single wires were used 
to transfer the potential changes in the anemometers to the grid-circuits of 
‘the valves, and an additional single wire was laid on to a plug-point in each 
‘instrument-box for connexion to a portable telephone for use when 
calibrating the anemometers. All wires were carried along the platform 
‘of the bridge in wooden troughs. 

_ The five anemometers covering one-half of the total length under test 
‘were connected in series by the potential leads, so that the recorder pen 
‘operating through this circuit gave the average pressure-difference of the 
five instruments. The five instruments covering the other half were 
similarly connected, the two remaining recorder pens being operated by the 
_ two single instruments at the middle point of each half. 


23 CALIBRATION OF THE INSTRUMENTS. 
The Anemometer. 
~The anemometers were calibrated in position by applying a known 
pressure-difference, measured on a water manometer, through the two drain 
taps (shown in Fig. 8, facing p. 368), the two upper taps being used to shut 
off connexion to the ‘‘ Dines”’ head during this operation. A high-tension 
voltage of 85 was used in the anode-circuit of the valves and the filament- 
current was adjusted until an emission of 8 milliamps was obtained with 
zero grid-volts. The directionof the current in the potentiometer-coil of the 
 anemometer was arranged so that when the arm was in its zero position, 
“with no pressure-difference on the diaphragm, the maximum negative 
rid-voltage was applied to the valve and the anode-current was reduced 
a low value. Any application of pressure-difference to the anemometer 
‘capsules raised the lever arm, thus reducing the negative grid potential 
and increasing the anode-current. Increments of pressure were applied 
this way, and at each increment the recorder was operated. This 
gave the relation between anode-current and pressure-difference and from 
a previous determination of the valve-characteristic-curve (anode-current 


ad 


nd grid-potential) the straight line connecting pressure-difference and grid 
ntial was drawn, such as that shown on Fig. 10 (p. 370). It was 
scessary to obtain this graph, since, in the case of the instruments which 
e connected in series, it was essential that they should all have the — 
me ratio of grid-potential change to pressure-difference change. This 
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pee *: f 


was achieved, after the instruments had been calibrated, by st 
adjusting the currents in the potential coils. 


~ 
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TyproaL CALIBRATION CURVE. 


The Fiwved “ Dines” Head. 


=s Before dispatch to the bridge, the fixed “ Dines ” heads were calik 
in the wind-tunnel at various speed BP to 40 miles pee sate Th 
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where p denotes the pressure-difference in lb. per square foot, 
p denotes the air density in lb. per cubic foot, 
v denotes the wind velocity in feet per second, 

; g = 32-2 feet per second per second, 

a and. is the instrument coefiicient, 


ae The mean value of k was found to be 1°45. 


__ The effect of wind-direction was also investigated and it was found that 
_ the change in pressure-difference was negligible up to + 20 degrees. 


The Standard ‘* Dines ?? Anemometer. 


_ The standard “ Dines” head was calibrated in the wind-tunnel and 
was found to have a coefficient (%) of 1-48. 

__ Owing to the exposed position in which this instrument was placed on 
_the Severn bridge, it was necessary to use a solution of glycerine in water 
in the float-chamber instead of water, to prevent freezing in winter. The 
‘rise of the float was calibrated against a standard water-gauge and was 
found to require a correction on the wind-velocity scale varying from zero 


to 34 per cent. 


Metuop or Trest AND RecorpDs OBTAINED. 


| As the site of the tests was about 5 hours’ journey from the National 
Physical Laboratory and it was impracticable to have observers per- 
-manently in attendance, arrangements were made with the Director of the 


of the approach of south-westerly gales to this area. 
_ For the purpose of the experiment only high-speed winds were of value, 
id it was not considered worth while to visit the bridge unless gust- 
eeds of about 40 miles per hour were expected. Further, to obtain 
tisfactory records it was necessary that the wind-direction should be 
hin -+ 20 degrees of normal to the bridge. These conditions consider- 
y restricted the opportunities for obtaining records, and the first satis- 
ctory wind occurred on the 4th December, 1931, when there was a south- 
esterly gale, with occasional gusts of nearly 60 miles per hour, the record 
tained on this occasion from the Standard “ Dines”’ Anemometer at the 
ddle of the bridge being reproduced in Fig. 11. The gale lasted for 
out 3 hours, from noon to 3 p.m., during which period several series of 
emometer records were taken. A typical portion of one of these records 
n between 2.31 p.m. and 2.36 p.m., when the gale was at its highest, 
been analysed and replotted in the form of wind-velocity curves in 
12 (p. 372), the four curves having been plotted to the same base line 
or easy comparison and an additional curve showing the mean value of 
two groups having also been added. It should be noted that since 
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te group-record gives the average of the pressures at the five instru- 
ments, the velocity-curve is the root-mean-square of the velocities and 
A not necessarily the true average-velocity. 


240 


at Page RE 
LQTRGy 4 CO 

; oF MR 

) rn Yay ry \ he 
y ‘1 . 


we 
180 
TIME FROM GOMMENCEMENT OF RECORDS: SECONDS. 


— Single instrument 


—— Single instrument 


—— Group 


< o 
z Zz 
9 Q 
= - 
5 0 
Wl Ww 
7) n 


Fig. 13. 


TIME FROM COMMENCEMENT OF RECORDS: SECONDS. 
120 


60 
ReEDvcTION oF 4TH DucemBER, 1931 Recorps TO EquivALENT PRESSURE-SCALE. 
(Period 2.31 p.m. to 2.36 p.m., 4th December, 1931.) 


‘14 ‘OS YSd ‘a1: 3yuNSsssadd INA IWAINDS 


Prod 


er N 139, oe ere. 


Bailey, “Wind Pressures on eee Inst. C.E. Selected Engineering “5 


374 BAILEY AND VINCENT ON 


The intensity of pressure of the wind on ‘a fully exposed surface has 
been shown by Sir Thomas Stanton ! to be given by : 7 
P = 0-0034V2, 
where P denotes the intensity of pressure in lb. per square foot, 
and V denotes the wind velocity in miles per hour. 


. 
. 


Applying the formula to the values given in Fig. 12 two sets of curves } 
have been drawn showing the relation between the average intensity of 
pressure over each half of the bridge and the intensity of pressure at the! 
middle of each half (Fw. 13). 

For the Tower bridge tests, the graphs of average pressure and of ' 
pressure at a point were very similar in that the main peaks and depressions | 
of the wind were reproduced in each, indicating that a gust striking the: 
bridge affected all points simultaneously. The graphs obtained in the; 
present tests show that this does not apply to spans of the order of 1,340 ' 
feet, as although the long period changes of wind-speed indicated by the | 
single instrument are generally followed to some extent by the average, , 
the short period peaks and depressions seldom show an effect over the | 
whole width. Similarly, on comparing the graphs of the two single ; 
instruments, which are 1,340 feet apart, the velocity-curves (Fig. 13) 
seldom show any similarity, and in fact, one is frequently rising when the | 
other is falling. It is concluded, therefore, that the width of action of a. 
gust is normally less than 1,340 feet under the conditions of the prese at 
tests. 

Under these circumstances any relation between the pressure at a poin' 
and the average pressure over the whole span must be fortuitous, but i 
order to obtain some numerical data on this point a comparison has been 
made of the peak-pressures which appear on both the single instrument 
and the corresponding group within a period of 5 seconds of each other. 
The ratio of the two values has been calculated and the results are shown 
plotted against peak wind-speed indicated at the single instrument on 
Figs. 14 and 15. ) 

From these graphs it would appear that the ratio has a general tenden: y 
to fall as the wind-speed increases. At speeds above 50 miles per hour 
indicated at the centre, there was only one occasion in each section when 
the average pressure was over 90 per cent. of that at the centre, and if th , 
rate of fall is maintained the ratio would be substantially less at 70 or 80 

miles per hour. 


- 


MopirreD SCHEME oF TEsTs. 


Following these experiments it was considered advisable to make an 
attempt to determine the maximum width of action of a gust, and additions 
were made to the connexions in the recorder-hut so that any one instrument 
in each of the groups of five could be used as a single instrument. The 
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Fig. 14. 
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scheme was to obtain simultaneous records of four single instruments, th 
positions of two of these being varied occasionally. In this way it would | 
be possible to have two instruments covering spans varying from 268 feet i 
up to the maximum in intervals of 268 feet, and if a gust of wind affected | 
the entire span under test, the two instruments would give records which ; 
would be in phase, although not necessarily of the same magnitude. 

This change was made early in 1932, and Fig. 16 shows the relative : 
positions and identification marks of the instruments used in the test. 
the early morning of the 14th January, 1934, suitable gale conditions were } 
obtained, the wind veering from §.8.E. at midnight, to S.W. at about; 
5.0 a.m., accompanied by an increase of speed, and under these conditio: i 
it was possible to obtain pressure-records. - 

Portions of these records have been plotted to a scale corresponding to 
the intensity of pressure which would be produced on a square pla 
placed in the position of the fixed “ Dines ” head, as described abo 
The results are shown on Figs. 17, 18 and 19 (pp. 377 et seq.) 

An examination of these records shows that, even at the sho 
distance available (257 feet on section B, Fig. 18), there is no regular agr 
ment between the pressures at the two ends of the span; there are 
occasional gust-peaks, such as those indicated by “ X” in Figs. 17, 18 ' 
and 19, which are similar and appear either simultaneously or within a | 
few seconds of each other, but this similarity in wind-structure is not | 
maintained and may be due to fortuitous circumstances rather than Oo 
uniformity of conditions. 

It will be noted that, in general, the pressures at the Sharpness end of ' 
the bridge are lower than those at the Lydney end, this being no doubt» 
due to the screening effect of Sharpness point (F7. 2, p. 365). 


CoNCLUSIONS. 


The conclusion to be drawn from these results appears to be that, s | 
far as this site is concerned, the wind-front is generally composed of a 
series of eddies of smaller magnitude than 250 feet which are more or les 
independent of each other. The likelihood of the average pressure over & 
wide front being equal to the maximum pressure at any one point depends, 
therefore, upon the probability of a number of eddies striking simul- 
taneously, which is in agreement with the results obtained when the 
instruments were connected in groups. 

Experiments have been carried out in America on somewhat similar 
lines 1 and in these, eight instruments were spread over a wind front of 
480 feet and at a height of 50 feet, and a similar series of five instruments 
was placed on a vertical line covering 250 feet. An independent con- 


_1R. H. Sherlock and M. B, Stout, “Picturing the Structure of the Wind.” 
Civil Engineering, vol. 2 (1932), p. 358. 
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tinuous reading of wind velocity was obtained from each instrument, 
from these readings iso-velocity lines were drawn from which a “ picture 
of the wind structure was obtained. A conclusion drawn from these 
tests is “that the combination of 50- and 60-foot spacing with time- 
intervals of half-seconds is about the least refined combination which 
could have been used without losing all indication of the nature of the! 
turbulent areas disclosed.” 

It appears, therefore, that the general conclusion drawn by Sir Thomas 
Stanton from the Tower bridge experiments (quoted at the beginning of 
this Paper), is also applicable to structures of much larger dimensions. 
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Paper No, 5191. 


i The Water-Supply of Kumasi in the Gold Coast Colony.” 


vd 
4 By CuristoPHeR WiLson Brown, O.B.E., M.C., and Cxcrt Lez 
q Howarp Humrureys, T.D., MM. Inst. C.E. 


(Ordered by the Council to be published in abstract form.)* 


a Paper deals with the preliminary work, the design, and the construction 
of a waterworks scheme for a future population of 50,000 in West Africa, 
and illustrates the difficulties which are peculiar to a tropical country, 
“about which very little information is available. 
io An account is given of the attempts to forecast the probable growth of 
the population, the water-consumption for native quarters from a con- 
sideration of available records of other similar tropical towns, the run-off 
in jungle territory from gauge-readings taken on the Owabi river together 
‘with comparative records from the rivers Adra and Ankoni, and the 
evaporation in this tropical climate by means of small-scale experiments. 
__ A full analysis is given of the capital cost (£216,000) of the works divided 
into their several portions. The relative costs of oil, electricity, and 
roducer-gas as a source of power for the pumping plant are considered in 
| detail, and it is shown how the decision to use producer-gas from wood fuel 
| was reached despite the added difficulty of having to purify the scrubber- 
water before allowing it to flow back into the river below the dam. 
"Difficulties encountered when the treatment plant was first put into 
operation, partly because of decaying organic matter and partly because 
manganese, are dealt with, as is the subsequent successful treatment of 
he water with lime, chloride of lime, and aluminium sulphate in the various 
ages of sedimentation and filtration, including automatic chlorination in 
he suction pipe to the pumps. 
_ he works described include an earthen dam with a concrete core, 
yrming an impounding reservoir on the Owabi river with a capacity above 
he lowest draw-off of 120,000,000 cubic feet ; filtration and purification 
ant to deal with 1,000,000 gallons in each 24 hours; a pumping station 
h contains two four-stage horizontal-spindle turbine-pumps, driven 
two 120/160-h.p. horizontal producer-gas engines, delivering 680 gallons 
minute against a total head of 341 feet, and a 100/250-volt 40/26-5- 
ere compound-wound generator for the lighting of the pump-house, 
fices, and bungalows ; 63 miles of 14-inch bitumen-lined rising main ; a 
000,000-gallon storage-reservoir built of mass concrete and with a 
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Copies of the Paper may be obtained on loan from the Loan Library of the 
Institution ; a limited number of copies is also available, for retention by members, be 
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reinforced-concrete roof; and the distribution system in Kumasi. 
account is given of the progress of the work, which was necessarily slows 
with the unskilled native labour available and of the difficulties that arose? 
The works were commenced in March, 1930, and were completed in March, 
1934. 


The Paper is accompanied by a photograph of the dam, seven drawi 


of the more important parts of the work, and a graph showing the effect 
relative humidity, temperature, and wind-velocity on the evaporation. — 


ENGINEERING RESEARCH. 
THE INSTITUTION RESEARCH COMMITTEE. 


Commitiee on Bituminous Jointing Materials for Concrete. 


In August, 1938, the recommendations of the Sub-Committee on Rein- 
forced Concrete Structures for the Storage of Liquids were published in 
the form of a Code of Practice,! in which mention was made of the use of 
bituminous compounds to render water-tight the joints in articulated 
structures. Although the Sub-Committee had instituted a research into / 


considered that sufficient information was available at the time of publica- : 
tion of the Code to permit the formulation of specifications or recommenda- 
tions thereon. The Sub-Committee accordingly recommended that a new ° 
Committee should be set up “to study bituminous and allied jointing ' 
materials for concrete and to make recommendations for their use in 
water-retaining or other structures.” This Committee has now been 
formed with the following personnel :— | 


W. H. Guanvitix, D.Sc., Ph.D. (Chairman). 
Professor R. G. H. Crements, M.C. 

H. J. Drang, B.E. 

Oscar Faser, O.B.E., D.Sc. 

H. B. Mriner, M.A. 

H. C. Rircutr. 

W. L. Scort. 

F. G. Turner, B.Se. 


‘Code of Practice for the Design and Construction of Reinforced-Concrete 
Structures for the Storage of Liquids.” Obtainable from William Clowes and Sons, 
Ltd., 94, Jermyn Street, 8.W.1. Price to members ls. 6d. post free; to rx 
members 2s. 6d. post free. . 
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‘The Committee will examine the reports of experimental work and the 
tentative specifications that have so far been produced, and will be able 
to continue the study of bituminous jointing materials by whatever 
methods may be found suitable. The terms of reference to the Com- 
‘Mnittee are not restrictive, and it is intended to study materials for various 
apes of joints in liquid-retaining and other concrete structures, including 
Toads. 


‘DEPARTMENT OF SCIENTIFIC AND INDUSTRIAL RESEARCH : 
4 REPORT FOR THE YEAR 1937-381. 


__ The Report describes the progress of the many activities of the Depart- 
ment during the year ; the net expenditure for the year was approximately 
| £637,000, an increase of £55,000 over that of the previous year. In 
addition, the aggregate sum subscribed by industry through the research 
associations was nearly £235,000. 

_ Many of the researches carried on by the Department have already 
| been reviewed in the Journal during the last year in connexion with the 
nnual Reports on the work of the Building Research Board?, the National 
ysical Laboratory, the Water Pollution Research Board¢, the Chemistry 
esearch Board, the Forest Products Research Board®, the Road Research 
Board’, the William Froude Laboratory’, and the Fuel Research Board?. 
1e following notes are selected from parts of the Report dealing with 
her subjects of interest to engineers. 

_ Arrangements have been made for the National Physical Laboratory 
to supervise and certify short-circuit tests on electrical switchgear up to 
' eapacities of 250,000 kVA. in the testing stations of the Association of 
Short Circuit Testing Authorities. 

The Geological Survey has carried out widespread field work and the 
paration of geological maps, the districts covered being listed in the 
ort, and studies of underground water-supplies have been extended ; 
emoir on the underground water-supply of the County of London has 
published, and has been reviewed in the Institution Journal!°. 


1 Published by H.M. Stationery Office, price 3s. Od. net. 

| 2 Journal Inst. C.E., vol. 9 (1937-38), p. 345. (June 1938.) 
~ * [bid., vol. 9 (1937-38), p. 347. (June 1938.) 

4 Jbid., vol. 9 (1937-38), p. 348. (June 1938.) 

Tbid., vol. 9 (1937-38), p. 576. (October 1938.) 

‘Ibid., vol. 9 (1937-38), p. 577. (October 1938.) 

Ibid., vol. 10 (1938-39), p. 117. (November 1938.) 

bid., vol. 10 (1938-39), p. 119. (November 1938.) 

., vol. 10 (1938-39), p. 408. (January 1939.) 

Ibid., vol. 11 (1938-39), p. 173. (February 1939.) 
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Metallurgical research has been largely concerned with the behavious 
of materials at high temperatures ; in particular, steels for steam por a 
plant are being studied in association with the British Electrical anc: 
Allied Industries Research Association. The creep of a series of high: 
carbon steels is being studied at temperatures of from 300° to 1000° C., ax 
the incidence of graphitization, spheroidization, and the alteration in the 
lamellar character of the pearlite are receiving particular attention 
Other subjects of study include the formation of intercrystalline at 
transcrystalline fractures in iron and steel, the inter-relation of age? 
hardening and creep performance, and the influence of internal conditions: 
on the creep behaviour of steels. A research on creep recovery has beem 
continued. In the study of aluminium alloys, age-hardening is receivings 
much attention, especially in connexion with the aluminium-zine system 
and the X-ray investigation of single crystals of an age-hardening alloy of 
aluminium and copper has been continued. Other investigations des+ 
cribed relate to the cracking of boiler plates, the forging of magnesium 
alloys, oxides in steel, surface-finish, the structure of graphite, and tl let 
residual internal stress in thick-walled hollow cylinders overstrained by 
internal pressure. | 
Investigations on behalf of the Radio Research Board include a con 
tinuation of the study of the ionosphere, particular attention being giv y 
to the effect upon it of solar disturbances. On account of the increased ” 
of ultra-short waves, studies are being made of their propagation along hed 
ground and through the lower atmosphere. Investigations in ra diog 
direction-finding have been continued, and the simple rotating-loop dire 
tion-finder has been found to be capable of a high instrumental accuracy oni 
wave-lengths between 6 and 10 metres. Other instrumental work includess 
the development of field-strength measuring apparatus and the study of! 
constant-frequency oscillators. . 
Tn a research on lubrication, measurements of static friction have bee a: 
made by a modified Deeley machine, and it has been possible to obta in: 
consistent values of the coefficient of friction with a large number of: 
substances as lubricants. Of the oils tested so far, fatty oils are best, 
extreme-pressure oils next, and mineral oils worst. Investigations on: 
journal bearings have been continued and have included some preliminary 
experiments on the effect of restriction of the lubricant-supply. A stud, 
of the extreme-pressure lubricants in the four-ball high-pressure tes ing 
apparatus shows marked differences between the behaviour of different 
types of lubricant. Comparison has been made on the same machine 
between animal, vegetable and mineral oils, which have also been teste¢ 
in the oscillating bearing machine and the static friction machine and are 
now being tested in the journal bearing machine. The results obtained 
will also provide a useful correlation of the various testing machines. 
detailed analysis of the friction between moving metals has been carrie 
out at Cambridge and throws considerable light upon the fundamenta 
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“mechanism of sliding; the area of intimate contact between polished 
surfaces has also been investigated and is found to be very small. The - 
-Tesults of this investigation have important practical implications. 

Ea A special study has been made of methods for the detection of toxic 
“gases in industry, and leaflets have been published or are in the press 
‘dealing with hydrogen sulphide, hydrogen cyanide vapour, sulphur 
dioxide, benzene vapour, nitrous fumes, and aniline vapour. 

_ ‘he development and use of X-ray analysis under the auspices of the 
“Committee on the Application of X-ray Methods to Industrial Research 
has been continued. The structures of electro-deposited metals, cold- 
worked metals, and various micas have been examined, and both X-ray and 
| electron-diffraction methods have been used in the study of the oxide 
Bf ms formed in the atmospheric corrosion of zinc and iron. 

__ The research on gas-cylinders and containers has included the investiga- 
fion of various types of welding, the effect of carbon monoxide on steel 
s-cylinders, the condition of coal-gas and oxygen cylinders after various 
| lengths of service, and the use of bursting-disk safety devices for gas 
| oylinders. E 

| The Report devotes much attention to the work of research associations, 
of which the British Cast Iron Research Association, the Iron and Steel 
Industrial Research Council, the British Non-Ferrous Metals Research 
ssociation, the British Refractories Research Association, the British 
lectrical and Allied Industries Research Association, and the British 
lliery Owners Research Association are of particular interest to engineers. 
he work of these and of a number of other industrial research associations 
very fully described. 


THE RESEARCH WORK OF THE INSTITUTION OF GAS 
a ENGINEERS. 


The organization of the researches carried out by the Institution of 
as Engineers is in some respects similar to that adopted by the Institu- 

of Civil Engineers. Researches are carried out by Technical Com- — 
tees which are responsible to the Research Executive Committee, and 
experimental work is placed in the hands of suitable laboratories of 
versities, the Department of Scientific and Industrial Research, and 
er organizations. An Advisory Committee on Research, which repre- 
nts a very wide range of interests, meets to receive and consider the 
ual Report of the Research Executive Committee and to discuss on 
ad lines the research requirements of the gas industry so as to assist 
Research Executive Committee, especially in regard to the trend of 
ical development ; it has, however, no responsibility for the organiza- _ 
or details of research. The following notes indicate briefly some of 


. 
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the problems in the production, distribution and utilization of gas t. 
are at present being studied. 

A Joint Research Committee of the Institution of Gas Engimeers a \ 
Leeds University is responsible for much of the experimental work that 
is carried out. The most important work at present in hand is the co 
tinuation of a long series of investigations on the synthesis of gaseo 
hydrocarbons at high pressure. This is of special importance in connexion 
with the complete gasification of coal. It has been found that a con- 
siderably extended range of gasification is obtained by hydrogenation yf 
to 900° C., both with coals subjected to preliminary carbonization up to 
500° C. and with coals not subjected to preliminary heat-treatment, yields 
of from 500 to 600 therms per ton of gaseous hydrocarbons having 
obtained. 70 to 85 per cent. of the carbon of the coals was gasified, the rate: 
of hydrocarbon-production being well maintained towards the end of the» 
experiments when only small amounts of residue remained. Similar results 
were obtained with high-temperature cokes, i.e. those which had previously 
been subjected to a temperature of 800° C. The yield of hydrocarbo 
from such cokes below 800° C. was low, but 370 per cent. increase in yi ; 
was attained by further hydrogenation up to 900° C. 530 therms 
gaseous hydrocarbons per ton were obtained with a gasification of 83 per 
cent. of the coke. Experiments have also been made on the effect on 
gasification of the addition of alkalies, which not only greatly accelerates 
the rate of gasification at relatively low temperatures, but also increas 
the ability of coke to withstand heat-treatment without losing its reactivi iy 
towards hydrogen and considerably reduces the caking properties of 
coals. 

The Joint Research Committee is also investigating the Aeration Test | 
Burner, which has been devised to examine the suitability of gases of ' 
different compositions—though of the same calorific value—for use im . 
domestic and industrial appliances. The burner is essentially a precision . 
Bunsen burner calibrated in such a way as to permit the determination of | 
the precise air-supply necessary for correct combustion of the gas. 1 | 
consistency of the readings of the burner over a prolonged period and | 
effects of atmospheric pollution and varying humidity on the results hav : 
been studied. j 

The Gas Works Safety Rules Committee has been particularly con- 
cerned with the publication of Voluntary Rules for the Safe Operation of 
Purifiers, which were first drafted by the Purifiers Committee. The. 
reports of the Committee have also dealt with the corrosion of gasholder 
sheeting, respirators for carbon monoxide, the testing of gasworks valves, 
air raid precautions for gasworks, and other related matters. 
_ The Joint Lighting Committee has given particular consideration to 
increasing the efficiency of gas burners, mantles and switches, and a draft 
standard specification for Low Pressure Gas Mantles bas been completed 
by the Committee in collaboration with representatives of the mantle 
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‘makers and has been passed to the British Standards Institution as a 
“suggested basis of a new British Standard Specification. 

oa ‘The Liquor Effluents and Ammonia Committee has not recently con- 
ducted any special investigations, but researches so far carried out and 
their application to the various problems of the recovery and utilization 
of gasworks ammonia and the disposal of effluents therefrom have been 
‘summarized in a book entitled “Gas Works Effluents and Ammonia,” 
‘published by the Institution of Gas Engineers. Frequent inquiries are 
“received by the Committee regarding the disposal of liquor; the general 
| recommendation still holds good that concentration of liquor for further 
utilization is the best method of disposal. Large-scale investigations 
of the Committee have proved that gasworks effluents, in admixture 
‘With ordinary sewage, can generally be dealt with at a properly-organized 
ewage-disposal works without difficulty. 

- The Pipes Committee has recently revised the specification for wrought- 


_- Many problems are being studied by the Refractory Materials Joint 
‘Committee, including the action of alkalis, hydrocarbon gases, and slags 
on refractories. The refractoriness-under-load test, in the form in which 
the temperature is maintained while the load is increased, is now being 
udied in its application to silica bricks; although the results show a 
od deal of variation, average values can be used to discriminate between 
fferent brands. An attempt has been made to evaluate the different 
- methods of determining the apparent porosity of refractory materials, and 
york on jointing cements has been continued. 
- Communications on research subjects that have been published during 
e past year include a progress report of experiments at the Fuel Research 
ation on the complete gasification of coal and methane synthesis ; 
periments in a modified water-gas plant have shown that sized car- 
bonaceous coals may be successfully gasified, a yield of 205 therms per 
m being obtained. Coals having a high content. of volatile matter can 
o be treated, but coals of medium volatile-matter content are too highly 
king. In the synthesis of methane for enriching low-grade gas in a 
o-stage system of complete gasification, experiments with a cobalt- 
ium catalyst have given encouraging results. A communication on 
hot patching of retorts by blow-pipe spray welding describes a 
essful method of repairing leaks in continuous vertical retorts while 
t, using dry materials and an oxy-coal-gas flame ; other papers deal with © 
production of free-burning coke in continuous vertical retorts, and 
“results attained with solid fuels, particularly coke, used in open grates — 
heating living-rooms. . : 
The Institution maintains a Gas Research Fellowship at Leeds _ 
versity, and a report for 1936-38 deals with the influence of furnace — 
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atmosphere on the scaling of mild steels at temperatures from 1,200°- 
1,400° ©. It is observed that as the liquefying temperature was 4 
proached there was a very rapid increase in scale formation, but when o Pt 
the scale was formed there was only a slow rate of increase with increase¢ 
of temperature. | 
In addition to the researches organized by the Research Exeew ver 
Committee, the Institution of Gas Engineers also gives financial and 
advisory support to researches undertaken by other organizations. Thee 
ventilation of rooms in dwelling-houses, offices, and the like, which iss 
closely connected with the method of heating employed, is being studied 
with the collaboration of the London School of Hygiene and Tropical | 
Medicine. The combustion-process of town gas is being studied at the 
Chemistry Department of Cambridge University, and the origin of, and! 
methods of diminishing, noise produced by gas burners are being inve sti-. 
gated at the National Physical Laboratory. The stresses in the guide-- 
rails and rollers of spirally-guided gasholders are being investigated in} 
collaboration with the National Physical Laboratory by means of wind z 
tunnel experiments. Lastly, support is given to an investigation under- - 
taken by the Research Council of the British Iron and Steel Federation 
in co-operation with other furnace-using industries, into the fundamen als 

- of furnace design and operation. . | 
The Research Executive Committee issues an annual progress report, 
which is presented for discussion, together with the individual technical 
reports, at the Autumn Research Meeting of the Institution of Gas | 
Engineers, which is normally held in London in November of each year. . 
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Nore.—The Institution as a body is not responsible either for 
the statements made, or for the opinions expressed, in the Papers 
published. 
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